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1 Introduction
Organic thin films have been in the focus of scientific work since decades due to
a number of potential applications such as organic light emitting diodes and solar
cells [1, 2]. Besides large area applications and low production costs, the main
advantage of organic materials is given by the large variety of compounds that can
by synthesized. By means of organic chemistry, the molecules can be tailored and
tuned to exhibit desired properties.
Nevertheless, all applications which are based on the use of organic thin films
require the knowledge of the properties of organic-organic and organic-inorganic in-
terfaces. The investigation of highly ordered layers represents a promising approach
to achieve a better understanding of the physics at such interfaces as they provide
well defined and reproducible model system.
One way to create highly ordered molecular layers is given by the Organic Molec-
ular Beam Epitaxy (OMBE) technique, which is the deposition of organic materials
on single crystalline substrates in ultrahigh vacuum (UHV). During the past years,
this method has been used to study highly ordered layers of small and medium-sized
aromatic molecules such as PTCDA [3, 4] and HBC [5, 6].
In this work, the larger quaterrylene derivatives were investigated which are
especially interesting due to their potential as near infrared absorber. However, the
preparation of highly ordered molecular layers containing quaterrylene derivatives
by the OMBE technique is a non-trivial task since the sublimation temperature of a
large organic molecule is rather high which can lead to decomposition of the organic
material even below its sublimation temperature. Therefore, and since no reports
exist in literature, the thermal stability of the molecules is discussed in detail in
Chapter 4. Nevertheless, in a first step a OMBE chamber had to be designed and
built-up which allows the preparation and characterization of samples in UHV. The
setup of the chamber is described in Section 3.2.
4 1 Introduction
Regarding the growth of the molecular layers, in this work examples of three
fundamental model system are described, which can be classified as organic-inorganic
heterostructures (Chapter 5), organic-organic homostructures (Chapter 6), and or-
ganic-organic heterostructures (Chapter 7). This way, the influence of substrates
on the formation of the molecular layer can be discussed in the framework of this
work. Special emphasis is put on the question whether quaterrylene derivatives form
epitaxial layers on crystalline inorganic and organic substrates. The latter case is of
particular interest since a new type of epitaxy was recently observed for such a layer
system [7, 8]. On the other hand, the influence of the endgroups on the growth of
the layers represents another major topic of the work.
2 Sample characterization
2.1 Introduction
With the invention of the STM, Binning and Rohrer [9] have created one of the most
important surface characterization tools of our days. A STM was employed to study
the growth of organic allayers on conducting substrates for its high lateral resolution
which allows to investigate structures on the nanometer scale. However, STM images
are usually distorted by mechanical creep and thermal drift. As the determination
of adsorbate lattice constants is one major goal of this work, an evaluation based
on uncorrected STM images would produce incorrect results. Therefore, LEED
measurements were also carried out which allow the determination of the lattice
parameters with higher accuracy. Here, a difficulty is given by the fact that in
most cases the orientation of the adsorbate lattice with respect to the substrate
lattice cannot be determined unequivocally. Nevertheless, by combining the results
of both experimental techniques, the adsorbate structure can be determined very
accurately which allows to identify a possible epitaxial relation between adsorbate
and substrate lattice.
2.2 Low Energy Electron Diffraction
2.2.1 Instrumentation
Low energy electrons scattered at periodic structures on the same length scale as the
electron wavelength1 produce diffraction patterns caused by interference. In Figure
2.1 the principal setup of a LEED device is shown. It consists of two main parts:
• an electron gun that produces a monochromatic electron beam which is fo-
cussed by a lens system onto the sample;
• a detection system to analyze the elastically backscattered electrons.
1The wavelength of 100 eV electrons is about 1 Å.
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Figure 2.1 Schematic illustration of a LEED system [10].
Almost monochromatic electrons from the electron gun strike the sample sur-
face at normal incidence. On their way to the detection screen, the backscattered
electrons pass three concentric grids. The first grid is grounded like the sample
to avoid electrostatically deflection of the electrons in the field-free region between
this grid and the sample. The second grid is at a negative potential that is slightly
smaller than the primary electron energy to filter out inelastically scattered elec-
trons. Thereafter, the elastically scattered electrons are accelerated onto a fluores-
cent screen where they produce diffraction spots. The whole LEED pattern can
then be recorded by a CCD camera.
In the following Sections, the basic concepts of low energy electron scattering
will be provided. A more detailed description can be found in Reference [10].
2.2.2 Geometrical LEED theory
In the framework of Geometrical LEED theory, the position of the diffraction spots
on the detection screen (the directions of the backscattered electrons) are calculated,
which provides information on the geometry of the unit cell, whereas the respective
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Figure 2.2 Formation of a diffraction pattern on the LEED screen in real space
and its representation in reciprocal space by the Ewald construction. The
diffraction spots are labelled (hk) according to the 2D Laue condition (adapted
from Reference [8]).
spot intensities are not considered. For this approach, it is appropriate to introduce
the reciprocal lattice:
ai a
∗
j = δi,j i, j = 1, 2, 3 . (2.1)
The direction of the backscattered electrons are than determined by the Laue
condition:
k− k0 = g (2.2)
g = ha∗1 + ka
∗
2 + la
∗
3 h, k, l...integer . (2.3)
According to Equations 2.2 and 2.3, the existence of a diffraction spot requires
the difference between the momentum of the primary electrons k0 and the diffracted
ones k to be a reciprocal lattice vector g. In case of LEED measurements, the limited
penetration depth of the electrons into the sample has the consequence that the Laue
condition can be reduced to two dimensions. This also implies that the reciprocal
lattice of a surface corresponds to a 2D lattice of rods rather than a 3D reciprocal
lattice2.
Based on Equations 2.2 and 2.3, the Ewald construction can be applied to graph-
2A 2D lattice can be considered as a 3D lattice with the lattice parameter a3 = ∞ (pointing
perpendicularly to the surface), which implies a reciprocal lattice vector a∗3 = 0 and leads to the
formation of lattice rods.
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Figure 2.3 (a) Two real space lattices representing a highly ordered adsorbate
structure on top of a crystalline substrate. (b) According to Equation 2.3,
the diffraction pattern can be assumed to consist of the corresponding recip-
rocal lattices. The first and second order diffraction spots are shown.
ically obtain the direction of the diffraction spots. In Figure 2.2 the representation
of the Ewald construction in reciprocal space and the diffraction pattern on the
LEED screen in real space is depicted for a simple 1D lattice. The vector k0 has
to end on a reciprocal lattice point. Its origin is the center of the Ewald sphere,
whose radius is equal to the momentum of the primary and the elastically scattered
electrons. The intersections of the Ewald sphere with the lattice rods define vectors
k that satisfy Equation 2.3 and therefore represent allowed diffraction spots.
In the case of highly ordered adsorbate structures on crystalline substrates, the
diffraction pattern can be assumed to consist of diffraction spots that are caused by
the adsorbate layer (a1, a2) and ones that stem from the underlying substrate layer
(s1, s2). This means that the LEED pattern is composed of the two corresponding
reciprocal lattices (Fig. 2.3).
However, this proposition holds only true as long as only single scattering pro-
cesses contribute significantly to the diffraction pattern. Since low energy electrons
strongly interact with solid matter, multiple scattering effects can be visible in LEED
images as well. In this case, electrons that are backscattered at the substrate layer
will not only produce the respective substrate spots but also act as primary electrons
for secondary scattering processes at the adsorbate layer. Therefore, the diffraction
pattern as produced by single scattering at the adsorbate layer is additionally gen-
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Figure 2.4 Diffraction pattern caused by the same adsorbate structure as shown
in Figure 2.3(a), but now also multiple scattering effects are considered. The
red and blue dots represent single scattering spots that are produced by single
scattering processes at the substrate and adsorbate layer, respectively. Addi-
tional diffraction spots (marked by green dots) are caused by electrons that are
scattered subsequently at the substrate and the adsorbate layer. For simplic-
ity, here only multiple scattering spots produced around first order substrate
spots are shown. Their position can be obtained by placing a centered copy
of the reciprocal adsorbate unit cell at the substrate spots as indicated for the(
1 1
)
spot.
erated around every substrate spot. The whole geometrical LEED pattern can be
graphically obtained by plotting a centered copy of the reciprocal adsorbate lat-
tice at every substrate spot (Fig. 2.4). In a mathematical sense, the effect can be
considered by introducing an effective reciprocal lattice, which is given by a linear
combination of the reciprocal substrate and adsorbate lattices [11]:
geff = hss
∗
1 + kss
∗
2 + haa
∗
1 + kaa
∗
2 hs, ks, ha, ka...integer . (2.4)
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2.2.3 Kinematic LEED theory
As discussed in the previous Section, the main consequence of elastic scattering at a
surface within the framework of Geometrical LEED theory is given by the fact that
the observed diffraction pattern is a direct representation of the reciprocal lattice
of the surface. However, this approach does not contain any information on the
intensity of the observed LEED spots.
In the Kinematic LEED theory, both position and intensity of the diffraction
spots are considered. Therein, the primary electron is described by a plane wave
function:
ψ(r) = ψ0 e
ik0·r . (2.5)
Scattering of the primary electron wave at an isolated atom j can be expressed
by3:
ψ(r) = ψ0
eik·r
r
· fj(k0,k) ei(k0−k)·Rj . (2.6)
The first term in Equation 2.6 describes a spherical wave. The function fj(k0,k)
is called atomic scattering factor and expresses the scattering properties of the atom.
The last term denotes the phase information of the scattered wave.
If scattering takes place at several atoms, the total scattered wave is given by
the superposition of the scattered waves originating from the single scatterers. In
case of scattering at a two-dimensional periodic lattice consisting of M1 and M2
scatterers along the unit cell directions a1 and a2, the backscattered wave is given
by:
ψ(r) ∝ F ·
M1∑
n1=1
ein1a1(k0−k) ·
M2∑
n2=1
ein2a2(k0−k) (2.7)
ψ(r) ∝ F ·G . (2.8)
In Equation 2.7, the position of the individual scatterer Rj is described by Rj =
n1a1 + n2a2 with 1 ≤ n1,2 ≤ M1,2. Since the function F contains the information
on the atomic scattering factors fj and the position of the atoms in the unit cell,
it is called structure factor. On the other side, G is called lattice factor because it
contains information about the periodicity a1, a2 of the surface.
3Equation 2.6 is valid in the limit of an observation point r that is far away from the scatterer.
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The intensity |ψ(r)|2 represents the measurable quantity in the LEED experi-
ment:
|ψ(r)2| ∝ |F |2 · |G|2 . (2.9)
The resulting expression for |G|2 exhibits maxima at vectors k that also satisfy
the Laue condition (Equation 2.3). The Laue condition itself is obtained by eval-
uating |G|2 in the limit of an infinitely extended surface (M1,2 = ∞) which also
justifies the application of Geometrical LEED theory. However, certain diffraction
spots which are allowed according to the geometrical approach may vanish, due to
a very small value of |F |2.
It is important to point out that Kinematic LEED theory is based on the assump-
tion that the incident electrons only weakly interact with matter which implies that
it represents only a good approximation for single scattering processes. Therefore,
Kinematic LEED theory cannot be applied for the modelling of multiple scattering
effects.
For the evaluation of experimentally obtained LEED images, the software LEED-
SIM [12] was used which allows to calculate the geometric as well as the kinematic
LEED patterns of a hypothetical adsorbate structure.
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2.3 Scanning Tunnelling Microscopy
2.3.1 STM principle
Scanning Tunnelling Microscopy is based on the quantum mechanical tunnelling
effect. The tunnelling phenomena emerges from the fact that an electron can tunnel
through a potential wall that has a finite width and a height above the kinetic energy
of the electron.
The tunnelling process in a STM was first quantitatively described by Tersoff
and Hamann. They applied the Transfer Hamiltonian approach from Bardeen [13]
to express the tunnelling current between a flat surface and a spherical tip (Fig.
2.5). This procedure leads to the following term for the tunnelling current using
first order time dependent perturbation theory in the limit of zero temperature and
for small voltages (V . 10 meV ) [14]:
I =
(
2π
~
)
e2V
∑
µν
|Mµν |2 δ(Eµ − EF ) δ(Eν − EF ) . (2.10)
In Equation 2.10, Mµν represents the tunnelling matrix element between tip
state ψµ and sample state ψν . Eµ, Eν , and EF denote the energy of the states and
the Fermi energy, respectively. The evaluation of Mµν using a s-orbital-like wave
function results in [14]:
I = 32π3~−1e2V φ2ρt (EF ) R2κ−4e2κR ×
∑
ν
|ψν (r0)|2 δ (Eν − EF ) . (2.11)
In this equation the tunnelling current depends on the applied voltage V, the
effective potential barrier height φ, the density of states of the tip at the Fermi
level ρt, the tip radius R, the inverse length κ = (2mφ)/~, and the substrate wave
function ψν at r0 (center of curvature of the tip). The term
∑
ν |ψν (r0)|2 δ (Eν − EF )
describes the local density of sample states (LDOS) at the Fermi energy and at the
position of the tip r0. Thus, the tunnelling current is proportional to the sample
LDOS at the tip position.
As mentioned above, this expression for the tunnelling current requires small
voltages. However, this condition is not fulfilled in most STM measurements. In-
troduced by Lang, a generalization of the results of Tersoff and Hamann for higher
voltages can be obtained by using a 1D tunnel junction in the Wentzel-Kramers-
Brillouin (WKB) approximation [16, 17]:
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Figure 2.5 Schematic picture of the tunnelling geometry [15]. The tip is assumed
locally spherical with a radius R.
I (d, V ) ∼= Aπe~
3
2m2
·
eV∫
0
T (d, V, E) ρs (E) ρt (E − eV ) dE (2.12)
T (d, V, E) ∼= exp
[
−2 (d + R)
√
2m
~2
(
φ +
eV
2
− E
) ]
. (2.13)
In these equations, the energy is measured relative to the Fermi energy of the
sample. The distance d between tip and sample is defined as shown in Figure 2.5,
and φ = 0.5 (φs +φt) as average work function of tip and sample; ρs and ρt describe
the density of states of tip and sample. According to standard textbooks, the term
T will be called transmission coefficient in the following.
2.3.2 Scanning tunnelling microscope
Figure 2.6 exhibits a schematic STM setup. It employs a sharp metal tip that is
moved (scanned) across a conductive sample4. In order to obtain a detectable tun-
nelling current, a voltage V has to be applied between tip and sample, and the tip
has to be brought close to the sample surface5. The latter requires accurate position-
ing of the tip which can be realized by a piezoelectric tube or three orthogonal piezo
actuators. By applying appropriate voltages Vx,y and Vz, the tip can be horizontally
and vertically moved, respectively. Since the tunnelling current is highly sensitive
4Also STM instruments exist in which the tip is fixed while the sample can be moved.
5Typically, the tip-sample distance is in the order of a few Ångström [17].
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Figure 2.6 Schematic setup of a STM. An applied voltage V between tip and sam-
ple drives the tunnelling current I. The tip is scanned across the sample surface
by applying appropriate voltages Vx,y to the piezo actuator. The tip-sample
distance d is adjusted by the voltage Vz.
to the tip-sample distance, information on the sample topography can be obtained
by measuring the tunnelling current while scanning the tip across the sample at a
fixed vertical tip position. This so-called constant height mode implies the risk of
tip crashes, especially for rough surfaces. This problem can be avoided by oper-
ating the STM in the constant current mode. While scanning the sample surface,
the current is kept constant by a feedback loop that controls the voltage Vz at the
piezo actuator and thereby adjusts the vertical tip position. However, measuring
in constant current mode often leads to disturbing oscillations of the piezo actua-
tor. Therefore, a STM usually operates in between these idealized imaging modes
measuring simultaneously the tunnelling current and the z-piezo voltage, whereas a
control parameter determines the time constant of the feedback loop.
The resolution of the STM crucially depends on the geometry of the tip. By
using sufficiently sharp tips, high resolution STM images can be obtained that ex-
hibit even a contrast modulation of the molecules producing a submolecular contrast
which in turn allows the determination of the mutual alignment of the molecules in
the adsorbate layer (Chapter 5). STM tips used in this work were electrochemically
etched from platinum-iridium or tungsten wire. Tungsten tips were etched in aque-
ous one molar NaOH solution by applying a 15V AC voltage. Prior to their use
in a STM measurement, the tips were prepared by two cycles of argon-sputtering
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(U = 2 keV , p = 3 · 10−6 mbar, t = 35 min) and subsequent annealing (T = 450◦,
t = 35 min) in order to remove oxide which can be several nanometers thick [18]
and therefore prevent tunnelling at low voltages. STM tips produced from platinum-
iridium wire were etched in a mixed CaCl2/H2O/Acetone
6 solution by applying a
30V AC voltage. Since in this case no oxide is formed, the tips did not require
sputtering before use.
It is important to mention that STM images are usually distorted, due to a
number of reasons which are:
• thermal drift,
• mechanical creep, and
• nonlinearity and nonorthogonality of the piezo axes.
The determination of lattice parameters in an uncorrected STM image could
therefore lead to a serious misinterpretation. Throughout this work, LEED mea-
surements were performed to obtain lattice parameters which were then also used
to correct STM images before any further quantitative analysis.
Additionally, the interpretation of a certain STM contrast can be difficult since
the tunnelling current not only depends on the tip-sample distance, but also on the
density of states of tip and sample as well as local work function variations (Eqs.
2.12 and 2.13). Moreover, in case of organic adlayers on crystalline substrates, the
tunnelling current contains not only information on the adsorbate, but also on the
underlying substrate layer, depending on the applied voltage. More specifically, the
STM contrast can exhibit additional periodicities that do not originate from any of
the individual layers, but are caused by the superposition of the respective lattices.
For the analysis of a so-called Moiré pattern, it is advantageous to evaluate the
Fourier transform of STM images.
2.3.3 Fourier transform
The Fourier transform is a basic concept of transforming functions between dual
spaces. Since this work deals with the structural analysis of surfaces, the concept is
discussed here as a transformation of a two-dimensional periodic function between
real and reciprocal space. In fact, the Fourier transform represents an alternative
definition of reciprocal space which is equivalent to the one given by Equation 2.1
67 g of CaCl2 were solved in a 40 ml solution of identical parts of H2O and Acetone.
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in Section 2.2. In general, the 2D Fourier transform F(k) of a function f(r) is given
by:
F (k) =
∫ +∞
−∞
f(r) e−2πik·r dr . (2.14)
We now discuss a function p(r) which is periodic in the (x,y)-plane with the two
periods a1, a2. If we suppose that p(r) can be developed into a Fourier series
7, p(r)
can be written as:
p(r) =
∑
g
chk e
2πig·r (2.15)
g = ha∗1 + ka
∗
2 h, k...integer . (2.16)
It is important to point out that the vector g, being so far only a mathematical
construct to define the Fourier space needed for the Fourier transform, is indeed
a reciprocal lattice vector as defined by Equation 2.1 [20]. According to Equation
2.14, the Fourier Transform of p(r) from Equation 2.15 becomes:
P (g) =
∑
g
chk δ(k− g) . (2.17)
The Fourier transform of a periodic function in real space is, according to Equa-
tion 2.17, a number of discrete resonances. Their geometrical locations are given by
the reciprocal lattice a∗1, a
∗
2 with intensities defined by the Fourier coefficients chk
8.
The Fourier transformed STM images shown throughout this work were obtained
with the software WSxM [21] which uses an algorithm called Fast Fourier Transform
(FFT).
It is important to point out that for a highly ordered structure, the FFT spots
calculated from the corresponding STM image as well as the diffraction spots ob-
tained from LEED appear at the same geometrical locations, since they are both
defined by the reciprocal lattice of the ordered structure.
2.3.4 Moiré pattern in STM images
A Moiré effect can occur when two periodic structures are superimposed. It can be
seen for example when two gratings are viewed against each other, or in the case of
STM images interesting here (e.g. Chapter 5).
The elegance of treating the problem in reciprocal space becomes obvious when
the superposition of two highly ordered layers is considered. Again, the layers are
7For convergence criteria, see for example Reference [19].
8The Fourier transform of an aperiodic function is continuous. This is in agreement with LEED
images of disordered surfaces which exhibit a continuous background rather than defined spots.
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represented as periodic functions in the (x,y)-plane. Here, it is supposed that the
superposition of the functions is given by their product:
p(r) = p1(r) · p2(r) . (2.18)
A multiplicative superposition rule seems to be an adequate description of the
tunnelling process between tip and sample as two successive tunnelling processes
(between tip and adsorbate layer and adsorbate layer and substrate) are involved.
The tunnelling current through such a double barrier is proportional to the product
of the respective transmission coefficients [22].
According to the convolution theorem, the Fourier transform of a function prod-
uct is the convolution (indicated by ∗) of the Fourier transforms of the individual
functions [23]:
P (g) = P1(g) ∗ P2(g) . (2.19)
This procedure is advantageous since the convolution can be carried out graph-
ically [24, 25]. The geometric locations of the resonances in the convolution can
be found by plotting a centered copy of spectra P2(g) at each resonance of P1(g)
9.
As a result, not only the original resonances of the functions P1(g) and P2(g) are
produced, but also new ones which do not appear in the original spectra. Indeed,
it is the same procedure as introduced for multiple scattering spots (Fig. 2.4 in
Section 2.2). The geometric locations of the resonances are determined by the lin-
ear combination of the two reciprocal lattices (Equation 2.4 in Section 2.2). FFT
spots that are created this way and therefore do not belong to any of the individual
reciprocal lattices describe the Moiré pattern visible in the superposed real space
image. In Figure 2.7, the adsorbate structure shown also in Figure 2.3(a) is depicted
with more lattice points for a better visualization of the Moiré pattern.
It is worth mentioning that the systems under investigation here are composed of
molecules (and atoms) that form lattices. While the lattices define the geometrical
locations of the FFT spots, the actual shape of the objects positioned at the lattice
points influence the intensity of the spots [26]. Concerning STM images these ob-
jects are defined by the molecular orbitals involved in the tunnelling process. Which
orbitals contribute to the tunnelling current depends on the applied tunnelling volt-
age. Therefore, it can be assumed that the occurrence of a certain Moiré pattern in
a STM image is the result of the lattices being involved. However, the appearance
9The amplitudes of the resonances in the spectrum convolution cannot be determined by the
graphically convolution procedure. A detail description including also the analysis of the resonances
amplitudes can be found in Reference [26].
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Figure 2.7 Superposition of two identical rectangular lattices that are rotated by
12◦ with respect to each other (the lattices are also shown in Figure 2.3(a)
with less lattice points). The superposition reveals additional periodicity that
cannot be found in any of the individual lattices.
(intensity distribution) depends not only on the lattice building blocks, but also on
the applied voltage.
It is important to summarize that a Moiré effect observed in a STM image
and a multiple scattering pattern obtained from the same two-layer system can be
explained in a similar way. The Moiré pattern is caused by the superposition of the
two real space lattices. The geometrical locations of the spots in the corresponding
FFT image are identical with the geometrical locations of the diffraction spots which
are caused by multiple scattering at the two lattices. However, this proposition is
only valid as long as the multiplicative superposition rule applied here (Equation
2.18) is justified. The validity of the assumption can be tested experimentally by
comparing FFT and LEED images (Chapter 5).
3 Preparation of highly ordered
molecular layers
3.1 Organic molecular beam epitaxy
The highly ordered growth of an adsorbate layer on top of a crystalline substrate
is called epitaxial growth, if the adsorbate lattice and substrate lattice exhibit a
fixed relation. This relation between the adsorbate lattice vectors (b1,b2,) and the
substrate lattice vectors (a1, a2,) can be expressed by the matrix equation:
(
b1x b1y
b2x b2y
)
=
(
C11 C12
C21 C22
)
·
(
a1x a1y
a2x a2y
)
(3.1)
or more compactly written as:
(
b1
b2
)
= C ·
(
a1
a2
)
. (3.2)
Based on the transformation matrix C, different types of epitaxy can be clas-
sified. The C-Matrix consists of integers only if all the adsorbate lattice points lie
on top of substrate lattice points. This type of epitaxy is called Commensurism1
(Fig. 3.1), which is observed for example for alkane thiols on Au [28]. Here, a
commensurate growth occurs because covalent bonds are formed between the sulfur
atoms of the molecules and the gold atoms of the substrate.
In case of large conjugated molecules on noble metals, a subtle balance exists
between i) the interaction of the molecules within the adlayer and ii) the interaction
1This growth mode is also referred as point-on-point coincidence [27].
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of the molecules and the substrate atoms, since both interactions are noncovalent.
Hence, the interaction between the molecules and the substrate atoms is usually not
sufficient to force the molecular lattice into full registry with the substrate lattice.
Moreover, in contrast to the commensurate growth of alkane thiols on Au, the unit
cell dimensions of the molecular adlayer are much larger than those of the substrate
layer.
In the following, epitaxial growth modes are described that are typical for such
interfaces. If the matrix C consists of a column of integers, the epitaxy is called
Point-on-Line Coincidence (POL) or Coincidence I. In that case, all adsor-
bate lattice points lie on primitive substrate lattice lines2 as shown in Figure 3.2.
Coincidence I can be further classified into Coincidence Ia and Ib, depending on the
other column of matrix C [29]. Coincidence Ia occurs if these elements are rational,
in which case the adlayer forms a non-primitive super cell that is commensurate
with respect to the substrate lattice (Fig. 3.2(a)). However, in practice often it
cannot be deduced from the experiment whether these matrix elements are rational
or irrational and hence the distinction becomes arbitrary.
Coincidence II is given if all matrix elements are rational but no column of
integer exists. This type of epitaxy implies that only a fraction of adsorbate lattice
points lies on primitive substrate lattice lines. However, similar to Coincidence Ia,
a commensurate non-primitive super cell exists (Fig. 3.2(b)).
If the matrix C contains no column of integers and at least one matrix element is
irrational, the growth of the overlayer with respect to the substrate lattice is called
Incommensurate growth.
2Primitive lattice lines are those which have the largest perpendicular separation.
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b 1
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a 1
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C =
(
2 1
0 3
)
Figure 3.1 The overlayer lattice represented by blue dots is commensurate with
respect to the substrate lattice indicated by yellow dots. The corresponding
epitaxy matrix C contains integers only (adapted from Reference [8]).
b 1
b 2
a 1
a 2
b 1
b 2
a 1
a 2
(a) C =
(
2 0.5
0 3
)
(b) C =
(
2.5 0.5
0.5 2
)
Figure 3.2 Schematic drawing of an adsorbate lattice on top of a substrate lattice
illustrated by blue and yellow dots, respectively. (a) In case of POL coinci-
dence, all adsorbate lattice points lie on top of primitive substrate lattice lines
(indicated by the dotted line). The corresponding epitaxy matrix contains a
column of integers. If all matrix elements are rational numbers, a commensu-
rate non-primitive supercell can be defined (dashed line). (b) Coincidence II
is given if the epitaxy matrix consists of no column of integers, but all elements
are rational. Again, a commensurate non-primitive supercell (dashed line) can
be defined (adapted from Reference [8]).
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Recently, Mannsfeld et al. have shown that an overlayer classified as incommen-
surate based on the evaluation matrix C can still exhibit an epitaxial relation [7, 30].
In this case, the influence of the substrate on the growth of the adsorbate layer cannot
be explained straightforward by a lattice match in real. Nevertheless, Coincidence
III, also called Line-on-Line Epitaxy (LOL), occurs if one arbitrary reciprocal
substrate lattice vector ends on a reciprocal adsorbate lattice point3. This condition
can be expressed by the following equation4:
kb∗1 + lb
∗
2 = ia
∗
1 + ja
∗
2 . (3.3)
Here, the reciprocal lattices of adsorbate and substrate are described by (b∗1, b
∗
2)
and (a∗1, a
∗
2), respectively, with (k, l) and (i, j) being distinct pairs of integer values.
The integer pairs are again related by the epitaxial matrix C [8]:
(
k
l
)
=
(
C11 C12
C21 C22
)
·
(
i
j
)
. (3.4)
Figure 3.3(a) exhibits two real space lattices which are incommensurate according
to the epitaxy matrix C. However, the corresponding reciprocal lattices satisfy
Equations 3.3 and 3.4 for i=1 and j=2 (and all multiples). The lattice match between
the respective reciprocal adsorbate and substrate lattice vectors is shown in Figure
3.3(b).
LOL epitaxy was observed for the organic-organic heteroepitaxial system PTCDA
on HBC on graphite [7]. By studying similar molecular systems, an attempt is made
in this work to find out whether this type of epitaxy represents the typical growth
mode of organic-organic heteroepitaxy (Chapter 7).
3For the definition of reciprocal space, see Equation 2.1 in Chapter 2.
4Equation 3.3 can be used to generalize the classification of epitaxy since it can be used to
describe all the epitaxy types typical for organic-inorganic heteroepitaxy as well [8].
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b 1
b 2
a 1
a 2
b 2 *
b 1 *
a 1*
a 2 *
(a) C =
(
2.86 −0.43
1.68 2.66
)
(b) C =
(
2.86 −0.43
1.68 2.66
)
Figure 3.3 (a) The adsorbate lattice (blue dots) and the substrate lattice (yellow
dots) exhibit no obvious lattice match in real space since the corresponding
epitaxy matrix is incommensurate. (b) LOL coincidence occurs if an arbitrary
reciprocal substrate vector ends on a reciprocal adsorbate lattice point (red
arrow).
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3.2 Ultrahigh vacuum chamber
In order to be able to prepare and characterize highly ordered molecular overlayers,
a suitable ultrahigh vacuum (UHV) chamber had to be set-up. Figure 3.4 shows a
photograph of the assembled apparatus.
Figure 3.4 Photograph of the OMBE device. The spherical part in the center of
the picture is the preparation chamber. It holds several Knudsen cells with
organic material at the bottom flange. At the right hand side, the smaller
spherical chamber is equipped with the STM. On the left hand side, the load
lock can be seen.
In principle, it consists of three individually pumped chambers (Fig. 3.5):
• Preparation chamber
• STM-chamber
• Load lock
Each chamber contains a heating system for bake-out which allows to reach base
pressures of 5 · 10−9 mbar, 5 · 10−10 mbar, and 5 · 10−9 mbar, respectively. Samples
and STM tips can be moved throughout the apparatus by a linear feed-through.
The preparation chamber holds five Knudsen cells from which the organic material
is evaporated onto the sample. The growth of highly ordered molecular layers re-
quires atomically flat substrate surfaces, which can be obtained by sputtering and
annealing. Therefore, the preparation chamber was also equipped with a sputter
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Figure 3.5 Schematic layout of the vacuum system (adapted from Reference [31]).
26 3 Preparation of highly ordered molecular layers
Figure 3.6 Portable UHV sample storage.
gun (Spex) including an argon gas supply system and a home-built heatable sample
holder. The latter one is connected to a manipulator with five degrees of free-
dom for the precise positioning of the sample within this chamber. Additionally, a
RHEED system (Staib Instruments) connected to the preparation chamber allows
to study the growth of the molecular layers during evaporation. However, in con-
trast to LEED, RHEED images provide only a projection of the reciprocal surface
mesh. Therefore, this analyzing tool was only utilized to check the substrate quality
prior to evaporation. For structural analysis including the determination of lattice
constants of ordered adlayers, a LEED system (Omicron) has been used which is
mounted to a different UHV-OMBE apparatus. Nevertheless, the samples can be
transferred between the two setups via a portable UHV chamber (Fig. 3.6) that has
a base pressure of 5 · 10−8 mbar. In this way, the samples can be kept under UHV
conditions at all times.
The room temperature STM (Omicron) works in a separate chamber to prevent
contamination such as during evaporation. In order to reduce mechanical vibrations
during STM measurements, the turbomolecular pumps of the analyzing and prepa-
ration chamber can be switched off and substituted by ion-getter pumps while the
load lock is simply vented. The latter one allows to bring STM tips and substrates
into the UHV environment of the apparatus without need for venting the whole
apparatus.
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3.3 Single crystalline gold substrates
Surfaces of single crystalline gold substrates are suitable for OMBE since they can
be prepared such that they are atomically flat. Concerning potential applications of
OMBE layers in devices, the gold substrate can be used as electrode. An important
experimental advantage is given by the fact that conductive samples permit the
application of several powerful surface analyzing tool such as STM and LEED.
Crystalline gold exhibits a face centered cubic (fcc) crystal structure with a lattice
constant of 4.08 Å. In Figure 3.7 the Au(111) and Au(100) surfaces are indicated,
which were used within this study as inorganic substrates (single crystals from Matec
with cutting angle accuracy of 0.1◦).
Figure 3.7 Crystal structure of gold. The Au(111) and Au(100) surfaces are
marked with light and dark gray color, respectively.
3.3.1 Au(111) substrate
The atoms in the Au(111)-planes are hexagonally arranged (Fig. 3.7). However, the
structure of the Au(111) surface is slightly different after annealing. The reordering
of the atoms in the surface layer leads to an energetically more favorable arrangement
and occurs because these atoms do not have the same number of neighbors as in
the bulk. The effect is called surface reconstruction and is observed for other metal
surfaces as well (e.g. Ir(100) [32], Cr(100) [33], W(100) [34], Pt(110) [35]).
The Au(111) reconstruction exhibits a
(
22×√3 ) unit cell with respect to the
bulk [36]. Because of the sixfold symmetry of the bulk, three rotationally equivalent
domains exist. Hove et al. suggested a structural model containing a slightly dis-
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Figure 3.8 Model for the Au(111) reconstruction showing the surface layer (black
dots) and one bulk layer (yellow dots). The surface layer exhibits a hexagonal
lattice that is uniaxially compressed in the
[
110
]
Au
direction. The rectangular(
22×√3 ) unit cell of the topmost layer is depicted by a black box.
torted hexagonal arrangement of the atoms in the surface layer on top of the bulk
(Fig. 3.8) [37]. More detailed models account also for the vertical corrugation of
the surface [38, 39].
Figure 3.9(a) displays STM images that exhibit a zigzag pattern of double rows.
The pattern is formed by the regular sequence of two 120◦ rotated reconstruction
domains. The spacing between two double rows is 63 Å corresponding to the long
unit cell axis (22 · 2.884 Å). In contrast to the top image, the bottom one exhibits
dark spots at the elbows of the zigzag pattern which are most likely caused by surface
contaminants5. They can be removed by sputtering which in turn will produce a very
rough surface. In order to obtain a clean and atomically flat substrate surface (Fig.
3.9(b)), at least two cycles of sputtering and subsequent annealing were typically
performed in the following way:
• Sputtering: Perpendicular bombardment of the surface with argon-ions at
0.6 kV for 45 minutes
• Annealing: 45 minutes heating of the crystal (T = 550◦C)
Figure 3.10 displays a LEED image of a Au(111) crystal taken at a beam energy
of 140 eV. Due to the rather high beam energy, the hexagonally LEED pattern is
caused by electrons that are scattered at the bulk6. In case of organic adlayers on
5Objects on top of a surface may appear dark in the respective STM image, because the tun-
nelling current depends not only on the tip-sample distance, but also on the electronic properties
of the sample (Eq. 2.12 in Section 2.3).
6The surface reconstruction becomes visible at lower beam energies in form of additional satellite
spots (not shown here).
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Figure 3.9 STM images of the reconstructed Au(111) surface. (a) Top image (70×
24 nm2, V=-1.2V, I=150pA): The zigzag pattern of double rows visible in the
image corresponds to a regular sequence of two 120◦ rotated reconstruction
domains (two domain boundaries are indicated by black lines). Bottom image
(55 × 20 nm2, V=-0.7V, I=95pA): Insufficient crystal preparation may leave
behind contaminants which are preferentially adsorbed at domain boundaries.
(b) STM image with atomic resolution of a clean and flat Au(111) surface
region (22× 17 nm2, V=-0.58V, I=130pA).
Figure 3.10 LEED image of a Au(111) crystal taken at a beam energy of 140 eV.
Visible are first and second order spots which are caused by electrons scattered
at the bulk.
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Au(111), these substrate spots can be used to deduce the orientation of the adsorbate
lattice with respect to the substrate lattice. It is important to point out that due
to the substrate symmetry, this orientation can only be determined ambiguously to
three possible angles (Section 5.2).
3.3.2 Au(100) substrate
As can be seen in Figure 3.7, the atoms in the Au(100) bulk plane are quadratically
arranged. Similar to the Au(111) case, the atoms in the top layer reorder upon
preparation in UHV7. A very detailed synchrotron X-ray scattering study by Gibbs
et al. [40] revealed a slightly distorted hexagonal arrangement of the gold atoms
in the surface layer: a1 = (2.766 ± 0.002)Å, a2 = (2.763 ± 0.002)Å,^(a1, a2) =
(120.03 ± 0.10)◦. Additionally, two different orientations of the hexagonal lattice
on top of the quadratic bulk lattice were identified. The vector a1 and the [1 10]Au
direction enclose an angle of 0◦ and 0.81◦, respectively, and hence are referred as
the 0◦ and 0.81◦ Au(100) reconstruction in the following (Fig. 3.11). In case of the
0◦ reconstruction, the Au(100) overlayer structure can be approximated by a large
rectangular (5×23) super cell. Several additional models of this rectangular overlayer
structure were reported in literature, which agree with the smaller periodicity (5×
2.884Å = 14.42Å), but differ for the larger one: (5×1) [41], (5×20) [42], (5×27) [43],
and (5× 28) [44].
A LEED image of the reconstructed Au(100) surface (Fig. 3.12) exhibits a
complex pattern. It is produced by two 90◦ rotated domains that exist due to the
fourfold bulk symmetry. In Figure 3.13(a), a calculated geometrical LEED pattern
of the 0◦ reconstruction can be seen. The solid green and blue dots mark first order
spots from the bulk and the hexagonal reconstruction domains, respectively. Single
scattering spots that stem from one of the 90◦ rotated domains are indicated by a
hexagon (solid blue lines in Fig. 3.13(a)). However, most of the spots in the pattern
cannot be assigned to either reciprocal lattice. Instead, they stem from electrons that
are scattered at the bulk and the hexagonal layer (open dots). Electrons scattered
at the bulk such that they would contribute to the (10) substrate spot, but are
additionally scattered at the rotational domain indicated by the hexagon (solid blue
lines) are marked with open red circles in Figure 3.13(a). A calculated geometrical
LEED pattern of the 0.81◦ reconstruction exhibits a similar LEED pattern with spots
that are significantly smeared out (Fig. 3.13(b)). The marked hexagon is rotated
+0.81◦ with respect to the bulk layer. Besides the corresponding rotational domain,
7The crystal preparation occurred as described in the previous Section.
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Figure 3.11 The Au(100) reconstruction can be described by a hexagonal surface
layer (black dots) on top of the quadratic bulk (yellow dots). (a) The 0◦-
and (b) the 0.81◦-Au(100) reconstruction represent two phases which exhibit
different orientations of the hexagonal layer with respect to the bulk. The
former can be approximated by a large rectangular (5 × 23) super cell (black
line).
a mirror domain8 produces additional diffraction spots. However, since rather sharp
spots were observed in the measured LEED image, the surface is assumed to be
mainly reconstructed as 0◦ phase.
Typical room temperature STM images of the Au(100) reconstructed surface
exhibit a stripe pattern (Fig. 3.14(a)). The spacing of the stripes corresponds to
the small sides of the rectangular overlayer structures described in literature. The
contrast modulation visible in high resolution STM images (Fig. 3.14(b)) resembles
a Moiré pattern of the hexagonal surface layer and the bulk layer (Fig. 3.15).
8In case of the 0.81◦ reconstruction, symmetry equivalent mirror domains occur, since the vector
a1 and the [1 10]Au direction are not aligned anymore.
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Figure 3.12 LEED image of a reconstructed Au(100) surface taken at 86.2eV.
( 1 0 )
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Figure 3.13 Calculated geometric LEED pattern of the (a) 0◦ and (b) 0.81◦ recon-
struction (adapted from Reference [45]). The solid green and blue dots indicate
spots that stem from single scattering effects at the bulk and hexagonal layer,
respectively. The open dots represent multiple scattering spots. Electrons
scattered at the bulk such that they would contribute to the (10) substrate
spot, but are additionally scattered at the rotational domain indicated by the
hexagon (solid blue lines), are represented by open red circles in (a).
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Figure 3.14 (a) 51 × 51 nm2 STM image showing two reconstructed Au(100) ter-
races (V=0.4V, I=400pA). (b) Atomically resolved STM image of the same
surface as in (a) (7.5× 7.5 nm2, V=0.05V, I=2.3nA).
Figure 3.15 Simulated Moiré pattern of the 0.81◦-reconstruction (adapted from
Reference [45]). The dots represent the lattice points of the hexagonal surface
layer with gray values depending on the distance to the nearest lattice point
of the underlying bulk.

4 Thermal stability of quaterrylene
derivatives
The quaterrylene derivatives investigated herein contain a large conjugated π-
electron system, resulting in a small electronic gap. Therefore, they are especially
interesting for optoelectronic applications such as NIR absorbers. However, the
molecular size determines not only such desirable properties, but also the sublima-
tion temperature, which in turn can lead to a decomposition of the molecule during
evaporation [46] and thus might prevent the preparation of highly ordered OMBE
layers. Therefore, also the thermal stability of the quaterrylene derivatives was
investigated by optical spectroscopy.
4.1 Quaterrylene (QT)
The unsubstituted quaterrylene molecule1 is a planar, polycyclic aromatic hydro-
carbon consisting of four naphthalene groups (Fig. 4.1).
 1 9 . 3  Å  
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m 2
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( a ) ( b )
Figure 4.1 (a) Chemical structure of QT with mirror axes and (b) space filling
model with respective dimensions.
1QT was bought from W. Schmidt (Institut für PAH-Forschung, Greifenberg).
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( c )
Figure 4.2 QT crystal structure. Depicted is the arrangement of the molecules in
the (a) a-b-plane, (b) c-b-plane, and (c) c-a-plane.
The QT bulk exhibits a monoclinic crystal structure with the following lattice
parameters [47]: a = 11.145Å, b = 10.630Å, c = 19.235Å, α = 90◦, β = 100.46◦
γ = 90◦. The unit cell contains four molecules. However, no crystallographic plane
with flat lying molecules exists (Fig. 4.2), which would be favorable not only for the
growth of ordered monolayers, but also for ordered thicker films as the individual
layers could than be stacked as in the crystal.
In literature, there is no report on the growth of ultrathin epitaxial QT films. The
only structural investigation of QT layers was reported by Maeda et al., who studied
lattice defects in 10 nm thick films on KCl and KI by High Resolution Electron
Microscopy [48, 49]. However, these results do not resolve whether the observed
lattice defects are caused by stacking faults of QT molecules or contamination with
another molecular species as result of a possible decomposition during evaporation.
Therefore, the thermal stability of the QT molecule was investigated by ab-
sorbance measurements. The absorbance is given as logarithm of the quotient of the
intensities of transmitted and incident light:
Absorbance (λ) = −log
(
It(λ)
I0(λ)
)
. (4.1)
The experiments were carried out ex situ under ambient conditions in an UV-
3101PC spectrophotometer from Shimadzu. The device divides the incident beam
of a light source into a sample and reference beam which correspond to It and
I0, respectively. In order to investigate evaporated material, QT molecules were
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Figure 4.3 Normalized absorbance spectra of the raw QT material as filled into
the Knudsen cell, the evaporated material, and the material as found in the
Knudsen cell after several evaporation procedures (all dissolved in concentrated
H2SO4). Note that for clarity, the spectra are vertically offset to each other.
sublimated from a Knudsen cell at a temperature of 350◦C onto freshly cleaved
mica sheets2. After removing the samples from the UHV chamber, the evaporated
films were dissolved in concentrated H2SO4 (96%)
3.
In Figure 4.3, the absorbance measured from such a sample is compared to
similarly obtained spectra of the pristine raw material and the material as found
in the Knudsen cell after several evaporation cycles. For clarity, the spectra are
normalized and vertically offset to each other. The raw material data exhibits a
pronounced peak at 785nm and a smaller double peak structure at 698 and 712nm.
At the first glance, it cannot be deduced whether at least one of the peaks is related
to a possible contamination. However, as the raw material is expected to contain
mainly QT, the pronounced peak can be attributed to it, whereas the smaller double
peak structure might belong to a contamination having either a higher or smaller
evaporation temperature than QT. The three spectral features were also found in
the data of the evaporated material (red curve in Fig. 4.3). They can indeed all be
related to QT due to the following reasons:
2Prior evaporation, the mica substrate was heated up to 150◦C to remove adsorbed water.
3Concentrated H2SO4 (96%) has been chosen as solvent to allow comparison to the absorbance
measurements of QTCDI, since this molecule could not be solved in common solvents as e.g.
chloroform.
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• If the contaminants had a higher sublimation temperature than QT, the por-
tion of the contamination in the Knudsen cell should increase with the number
of evaporation cycles. However, an enrichment of the contamination was not
observed (black curve in Fig. 4.3).
• On the other hand, if the contaminants had a lower sublimation temperature
than QT, they should evaporate even below the QT sublimation temperature
resulting in a spectrum showing only the double peak feature at 698 and
712nm. However, this effect was not found either.
It can be summarized that the used raw material contains no serious contamina-
tions. At T ' 350◦C, the QT molecules can be evaporated without decomposition,
since the absorbance data of the evaporated material exhibit the same spectral shape
as the raw material. The low pressure of about 5 · 10−9 mbar during evaporation
provides additional support for the latter statement.
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4.2 Quaterrylenetetracarboxylic-diimide (QTCDI)
and -monoimide (QTCMI)
QTCDI is a quaterrylene derivative which contains two endgroups. They substitute
the four hydrogens at the small side of the QT molecule (compare Fig. 4.1). The
molecular structure of the here investigated H2-QTCDI is depicted in Figure 4.4.
The hydrogens of the endgroups can still be substituted by a functional group.
Despite the fact that all those different molecules are QTCDIs, the term will refer
to H2-QTCDI in the following, whereas all other QTCDIs will be called R-QTCDI.
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Figure 4.4 (a) Chemical structure of QTCDI with mirror axes and (b) space filling
model with respective dimensions.
QTCDI is also a planar, conjugated molecule and therefore a suitable candidate
for OMBE. However, no investigation on the growth of QTCDI layers can be found
in literature. Also nothing is reported on a QTCDI crystal structure.
The material was provided by Dr. Peter Erk from BASF. Since the purity of
the charge was specified with 80% only, gradient sublimation has been carried out4.
However, the yield of QTCDI was too small as to be used for further evaporation
experiments. Anyway, from the purified QTCDI a clear optical fingerprint could
be gained. Absorbance measurements of the obtained material dissolved in con-
centrated H2SO4 revealed characteristic peaks at 773, 862, 892, and 995 nm (Fig.
4.5(a)). It is noteworthy that the spectra changes if an ultrasonic bath (USB) treat-
ment is applied. This observation could be attributed to the initial formation of
QTCDI aggregates in the H2SO4 solution which are subsequently dissociated during
the USB treatment. However, it is important to point out that concentrated H2SO4
represents a very reactive solvent. Therefore, the observed change of the QTCDI
spectra could also indicate a chemical reaction of the solvent and the molecule in-
duced by the USB.
The assignment of the peaks to QTCDI is supported by absorbance data of
4The gradient sublimation was carried out by Maik Koch at the Institut für Angewandte Pho-
tophysik in Dresden.
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Figure 4.5 (a) Absorbance spectra of sublimated H2-QTCDI in H2SO4. (b) Molar
extinction coefficient ε of R-QTCDI (R=2,6 di(isopropyl)phenyl) measured in
concentrated H2SO4 [50].
the functionalized R-QTCDI (R=2,6 di(isopropyl)phenyl) which exhibits also char-
acteristic peaks in its molar extinction coefficient ε at similar wavelengths (Fig.
4.5(b)) [50]. Since the absorbance is given as product of ε, the molar concentration
of the solution, and the light path length in the sample, energetic peak positions
in both types of spectra are comparable. In case of the data from literature, no
USB treatment has been applied which is in agreement with the fact that the data
corresponds very well to the QTCDI absorbance measurements observed before the
spectral change (blue curve in Fig. 4.5(a)). The small deviation of the peak positions
can be attributed to the influence of the two alkyl-substituents.
After sufficient USB treatment, absorbance measurements of the raw material in
concentrated H2SO4 exhibit the double peak structure at 772 nm and a pronounced
peak at 862 nm as observed for purified QTCDI (compare red curves in Fig. 4.5(a)
and 4.6(a)). It is concluded that the initial charge as received from BASF contains
a large portion of QTCDI which is also in agreement with additional mass spec-
troscopy experiments5. Figure 4.6(a) also exhibits the similar overall spectral shape
of the QT and QTCDI absorbance (after USB treatment). The obvious red shift of
the QTCDI data can be explained by the larger conjugated π-system of this molecule
compared to QT. These findings provide additional evidence that these peaks are in-
deed characteristic for QT and QTCDI, respectively, despite the unknown reactions
in concentrated H2SO4.
5The mass spectroscopy experiments were performed by Dr. Hans Joachim Räder at the Max-
Planck-Institut für Polymerforschung in Mainz.
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Figure 4.6 (a) Comparison of absorbance measurements of raw QT and QTCDI
material dissolved in concentrated H2SO4. (b) Absorbance of evaporated
QTCDI material in H2SO4.
In order to investigate the thermal stability of QTCDI, the molecules were sub-
limated from a Knudsen cell onto freshly cleaved mica sheets. After removing the
samples from UHV, they were dissolved in concentrated H2SO4. QTCDI sublima-
tion was found to start at around 530◦C. The rather high sublimation temperature
as compared to QT indicates the stronger intermolecular interaction caused by the
endgroups. Figure 4.6(b) shows an absorbance spectrum of the evaporated mate-
rial which exhibits a peak at 837 nm besides the ones corresponding to QTCDI.
Mass spectroscopy experiments revealed that this peak is related to quaterrylene
monoimide (QTCMI, Fig. 4.7) which is produced by demerging one endgroup from
QTCDI. These findings imply that at 530◦C, simultaneous evaporation and decom-
position of QTCDI takes place. This observation corresponds to a drastic rise in
pressure by two orders of magnitude (to 5 · 10−7 mbar) upon heating the Knudsen
cell from 480◦C to 530◦C, which further indicates that decomposition starts well
below 530◦C.
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Figure 4.7 (a) Chemical structure of QTCMI with mirror axis and (b) space filling
model with respective dimensions.
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Figure 4.8 Absorbance of evaporated QTCDI material dissolved in H2SO4. In (a)
the Knudsen cell was quickly heated whereas in (b) the spectrum is shown that
was obtained after three hours of Knudsen cell preheating at 500◦C.
However, as the decomposition of QTCDI cannot be completely avoided during
evaporation, it has been tried to minimize the portion of produced QTCMI by faster
heating of the Knudsen cell. This way, the crucial temperature region between
480◦C and 530◦C can be overcome faster in which undesired decomposition, but no
evaporation of QTCDI takes place. In contrast to slow Knudsen cell heating (Fig.
4.6(b)), this procedure revealed a spectrum with a much smaller QTCMI portion
(Fig. 4.8(a)). In fact, the QTCMI peak is barely visible in the left edge of the 862
nm QTCDI peak after USB treatment. However, before USB treatment the feature
at 839 nm can clearly be seen due to the absence of the 862nm peak.
In a different experiment, the Knudsen cell was kept at 500◦C for three hours
and subsequently heated up to 530◦C. The corresponding spectrum (after USB)
exhibits a pronounced QTCMI peak at 837 nm whereas only a small shoulder at
862 nm denotes the presence of QTCDI (Fig. 4.8(b)). Even a peak at 785 nm can
be found which corresponds to the QT absorbance, and hence indicates the loss of
two endgroups.
In summary, QTCDI could not be evaporated without simultaneous decompo-
sition since the QTCDI sublimation temperature is approximately 530◦C whereas
decomposition already takes place at around 480◦C. However, at 530◦C the QTCDI
evaporation rate is higher than the QTCDI decomposition rate which allows to keep
the QTCMI portion in the evaporated film rather small. At this point, the forma-
tion of highly ordered QTCDI layers by OMBE seems somewhat problematic due
to the presence of undesired contaminants.
5 Organic-inorganic heteroepitaxy
5.1 Introduction
The term organic-inorganic heteroepitaxy refers to the epitaxial growth of organic
adsorbates on inorganic substrates. In the past years, various organic molecules
have been evaporated on inorganic substrates. Among the most studied families
of molecules are phthalocyanines [51–56], coronenes [57–60], and perylene deriva-
tives [4, 61–70]. Despite the fact that quaterrylene derivatives are of particular
interest since they provide a potential for applications as NIR absorber, ultrathin
films containing these material have not received attention, yet (Section 4). A pos-
sible reason for that might be given by the limited thermal stability of large organic
molecules (Section 4) which makes such materials less promising candidates for ther-
mal evaporation techniques. The results presented in the following Chapter describe
the first investigation of the epitaxial growth of QT derivative monolayers on inor-
ganic substrates. Parts of these experiments were performed in our group in the
framework of co-supervised diploma theses by S. Franke [31] and by C. Wagner [71].
5.2 QT on Au(111)
5.2.1 Experimental results
QT molecules were evaporated from a home-built boron nitride Knudsen cell at a
temperature of about 350◦C and a pressure of about 5 · 10−9 mbar onto a recon-
structed Au(111) single crystal. In order to increase the mobility of the molecules on
the surface and thereby improve the quality of the QT layers, the substrate was kept
at approximately 100◦C during evaporation. The mentioned evaporation parameters
yield a deposition rate of 1-2 monolayers per minute. Samples with one monolayer
coverage were usually prepared by 90 seconds of QT evaporation and subsequent
sample annealing at a temperature of approximately 250◦C for one hour. This way a
44 5 Organic-inorganic heteroepitaxy
( b )( a )
[ 1 1 2 ]
A u ( 1 1 1 )
*
Figure 5.1 (a) LEED image of one monolayer QT on Au(111) taken at an energy
of 19.7 eV. (b) Calculated kinematic LEED pattern of the assumed adsorbate
structure.
complete monolayer is obtained since at 250◦C, a possible second or third monolayer
is desorbed while the stronger bound first monolayer sticks to the substrate.
LEED images taken from samples with monolayer coverage of QT on Au(111)
reveal a sixfold pattern of sharp spots (Fig. 5.1(a)) which indicates a highly ordered
adsorbate layer1. The LEED image can be fully explained by three symmetry equiv-
alent rotational domains of one adsorbate structure and their mirror domains. This
adsorbate structure can be described by the two vectors a1, a2, the unit cell angle
α, and the domain angle δ with the following parameters: ‖a1‖ = (8.9 ± 0.3) Å,
‖a2‖ = (19.6± 0.6) Å, α = (78± 1)◦, and δ = (26± 1)◦. The latter angle expresses
the orientation of the adsorbate lattice with respect to the substrate lattice, which
is defined here as angle between the
[
1 1 2
]
Au
direction and the adsorbate lattice
vector a1. Figure 5.1(b) exhibits a simulated LEED pattern of the assumed adsor-
bate structure which was calculated using kinematic LEED theory. The comparison
with the experimental LEED image reveals very good agreement. In contrast, the
calculated geometric LEED pattern exhibits many additional diffraction spots which
cannot be found in the experimental image due to their low intensity. It is worth
mentioning that the same orders of diffraction spots are depicted in the calculated
geometric and kinematic LEED patterns.
The reciprocal
[
1 1 2
]∗
Au
direction indicated in Figure 5.1(a) was obtained from
LEED images taken at higher energies (not shown here), since at a beam energy
1The inner LEED spots are almost completely hidden by the electron gun.
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Figure 5.2 (a) Calculated kinematic LEED pattern with reciprocal adsorbate unit
cell and possible domain orientations. (b) The calculated geometric LEED pat-
tern of the assumed adsorbate structure exhibits many additional diffraction
spots.
of 19.7 eV no substrate spots are visible. However, due to the hexagonal bulk
symmetry, the choice of the
[
1 1 2
]∗
Au
direction is equivocal and hence the domain
angle δ can only be determined as δ = (26±1)◦, |δ−60◦| = (34±1)◦, and |δ+60◦| =
(86 ± 1)◦ from the LEED measurement [72]. In Figure 5.2(a), the reciprocal unit
mesh of the adsorbate layer is depicted in the calculated kinematic LEED image
together with the possible
[
1 1 2
]∗
Au
directions and the corresponding domain angles.
In general, different domain alignments of a certain adsorbate layer with respect to
the underlying substrate imply different non-equivalent epitaxial relations (Section
5.2.2). Therefore, throughout this work, the term adsorbate structure refers to the
arrangement of the molecules in the adsorbate layer as well as the domain alignment.
In this sense, the observed LEED image is either produced by one, two, or all three of
the possible adsorbate structures. In order to reveal which of the possible adsorbate
structures really exist, STM measurements are required.
The QT molecules form highly ordered domains in which they align in rows par-
allel to the unit cell vector a1 (Fig. 5.3). The molecular contrast in the STM image
is modulated by a zigzag pattern which stems from the Au(111) surface reconstruc-
tion. In contrast to the expected value of 63.4 Å for the
(
22×√3 ) Au(111) recon-
struction, a (72±3) Å spacing of the stripe pattern was measured. This observation
implies that the Au(111) reconstruction slightly relaxes due to the adsorption of QT
molecules. The larger stripe spacing can be described by a
(
(25± 1)×√3 ) unit cell
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Figure 5.3 47 × 47 nm2 STM image (V=0.4 V, I=20 pA) of a highly ordered QT
monolayer on two 120◦ rotated Au(111) substrate domains. The black line
guides the eye along the
[
1 1 2
]
Au
direction illustrating the zigzag pattern of
the surface reconstruction. The apparent 8◦ tilt of individual QT rows at the
substrate domain boundary leads to the formation of two mirror domains of
structure II with δ2 = 34
◦.
representing the uniaxial compressed surface layer on top of the bulk (Section 3.3.1).
A similar relaxation of the Au(111) reconstruction caused by an organic adsorbate
was also found for monolayers of TiOPc, C60 and HBC on Au(111) [6, 56, 73].
For all these systems, the change of the Au(111) reconstruction was observed after
annealing of the samples. Since the preparation procedure of highly ordered QT
monolayers also includes subsequent heating of the evaporated film, it is concluded
that the relaxed reconstruction observed here is also induced by annealing.
The presence of the zigzag pattern in Figure 5.3 reveals the orientation of the
substrate and hence the domain angle δ can be obtained from such a STM image.
In this case, mirror domains of the δ2 = 34
◦ structure on top of two 120◦ rotated
substrate domains are formed which implies the apparent σ = (8 ± 1)◦ turn of the
QT rows at the substrate domain boundary2. Moreover, the STM image also allows
to deduce the mutual alignment of the molecules in the unit cell, which is expressed
by the angle ζ. The angle ζ between the mirror axis m1 (Fig. 4.1(a)) and the lattice
vector a1 was found to be (2± 2) ◦.
2The noise in the STM image at the domain boundary might be caused by misalignment of QT
molecules or contaminants adsorbed on top.
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Figure 5.4 The 32 × 32 nm2 STM image (V=-0.7 V, I=50 pA) exhibits the ho-
mogeneous growth of a large QT domain across different substrate domains,
thereby forming adsorbate structures I and II represented by the domain an-
gles δ1 = 26
◦ and δ2 = 34◦. The molecular contrast is modulated by the zigzag
pattern of the surface reconstruction which is indicated by the black line.
Similar to PTCDA and TiOPc on Au(111) [3, 56], the homogenous growth of
large QT domains across different substrate domains was observed. Figure 5.4 re-
veals the case in which this homogeneous growth leads to the simultaneous formation
of adsorbate structure I and II with the domain angles δ1 = 26
◦ and δ2 = 34◦. Fig-
ure 5.5 exhibits again an extended domain of QT molecules on top of two different
rotational substrate domains. As a result, adsorbate structures II and III with
the domain angles δ2 = 34
◦ and δ3 = 86◦ are created. Thus, all possible adsor-
bate structures identified in the LEED measurement do indeed exist on the sample.
Their lattice parameters are summarized in Table 5.1. The unit cell geometry and
the van der Waals dimensions of the QT molecule (Fig. 4.1(b)) are compatible with
a closed-packed arrangement of flat lying molecules.
Despite the fact that no additional adsorbate structures were observed by means
of LEED, their existence cannot be ruled out in general. A structure covering only
a small surface area will produce rather low intensity diffraction spots and hence
might not be observable in the LEED image. However, an additional structure was
neither found in the STM investigations.
48 5 Organic-inorganic heteroepitaxy
d I I
d I I I
Figure 5.5 The 52 × 36 nm2 STM image (V=1.2 V, I=60 pA) shows the homoge-
neous growth of an extended QT domain across different substrate domains.
The
[
1 1 2
]
Au
direction represented by the black line and the QT rows form
the domain angles δ2 = 34
◦ and δ3 = 86◦ which reveals a sequence of overlayer
structures II and III.
Table 5.1 QT adsorbate structures on Au(111) determined by LEED and STM
measurements. The adsorbate lattice is described by the unit cell vectors a1
and a2, the unit cell angle α, the domain angle δ and the angle ζ. The latter
angle defines the azimuthal orientation of the QT molecule in the unit cell as
angle between the molecule mirror axis m1 and the lattice vector a1.
Source Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ζ / ◦ δ / ◦
I 8.9± 0.3 19.6± 0.6 78± 1 2± 2 26± 1
LEED/STM II 8.9± 0.3 19.6± 0.6 78± 1 2± 2 34± 1
III 8.9± 0.3 19.6± 0.6 78± 1 2± 2 86± 1
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Figure 5.6 17×19 nm2 high resolution STM image (V=-0.6 V, I=200 pA) of a QT
monolayer on Au(111).
The STM could also be used to achieve high resolution images of a QT monolayer
on Au(111). Figure 5.6 reveals the QT molecules with submolecular contrast which
corresponds well to the molecule structure consisting of four naphthalene groups
(compare Fig. 4.1).
5.2.2 Analysis of epitaxial relations
Strong evidence for an epitaxial growth of QT on Au(111) is given by the fact
that only adsorbate structures with certain domain angles δ were observed. To
determine whether a certain structure exhibits an epitaxial relation with respect to
the substrate lattice, the software Epitaxy [74] was used. This software employs
a geometric lattice match algorithm in which the experimentally obtained lattice
parameters are varied step wise and compared to those of the relaxed Au(111)
reconstruction [3]. Potentially epitaxial overlayer lattice configuration are found by
analyzing the corresponding matrix C (Section 3.1).
The Au(111) reconstruction was approximated by a hexagonal lattice that is
uniaxially compressed in the
[
1 1 0
]
Au
direction with the lattice parameters ‖s1‖ =
2.856Å, ‖s2‖ = 2.856Å and ^(s1, s2) = 58.0◦ corresponding to the
(
25×√3 ) surface
reconstruction. The results of the lattice match search are summarized in Table 5.2.
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Table 5.2 QT lattice parameters on Au(111) and corresponding epitaxy matrix C
as obtained from the geometrical lattice match. Note that the geometrical
lattice match model does not account on the alignment of the molecules in the
unit cell and hence, the angle ζ cannot be determined.
Source Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ δ / ◦ C-Matrix
I 8.9 19.6 77.2 26.0

 0.19 3
−7.79 6


Lattice match II 9.0 19.6 78.5 33.9

 −0.32 3.32
−8.06 5.06


III 8.9 19.6 77.2 84.0

 −3 3.37
−6 −1.44


The C matrices of the simulated structures I and III both exhibit a column of
integers which reflects a point-on-line coincident lattice. Structure II is also point-
on-line coincident with respect to the substrate lattice since the sums over rows of
the matrix C are integers. The transformation to an appropriate substrate lattice
base leads to a C-Matrix with a column of integers [29]. Except for the domain
angle δ of structure III, the lattice parameters of all three simulated structures
are within the obtained error intervals of the experiment (compare Table 5.1 and
5.2). The rather slight deviation of the mentioned domain angle could be caused
by the simplified representation of the reconstructed Au(111) surface by an uniaxial
compressed hexagonal lattice which does not account for any vertical displacement
of the gold atoms [75].
In summary, the first monolayer of QT grows point-on-line on Au(111). Three
adsorbate structures were observed which differ in their orientation with respect
to the substrate. The observed domain angles 26◦, 34◦, and 86◦ allow a growth
of extended QT domains across different rotational substrate domains. Figure 5.7
exhibits a structural model of the first QT monolayer on Au(111) represented by
structure II.
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Figure 5.7 Proposed structure of the first QT monolayer on Au(111). The model
represents structure II.
5.2.3 Comparison to potential energy calculation
Recently, Mannsfeld et al. have introduced a new method to predict epitaxial ad-
sorbate structures by potential energy calculations performed for realistically large
domains [7, 56, 76]. Mannsfeld has also performed such a calculation for the first
monolayer QT on Au(111). It has to be pointed out that the unaltered
(
22×√3 )
reconstruction has been applied to model the substrate in the calculation. How-
ever, in case of TiOPc on Au(111), it was shown that the use of the
(
22×√3 )
instead of the
(
24×√3 ) reconstruction has a negligible influence on the calculated
structure [56]. The three energetically most favorable QT structures obtained from
the potential energy calculation are in very good agreement with the experimental
results (Table 5.3).
An apparent kink of QT rows parallel to lattice vector a1, which occurred at
the substrate domain boundary, was shown in Figure 5.3. As a result, two mirror
domains of the same adsorbate structure were formed. It is noteworthy that such
a growth mode was only found for structure II. In this case, the alignment of the
molecules along the rows is only slightly changed at the domain boundaries as the
domain mismatch is 8◦. Instead, the growth of two mirror domains of structure
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Table 5.3 Comparison of the QT lattice parameters on Au(111) obtained from the
experiments and potential energy calculations. The adsorbate structure is
described by the lattice vectors a1, a2, the unit cell angle α, and the domain
angle δ. The angle ζ defines the azimuthal orientation of the QT molecule
in the unit cell as angle between the molecule mirror axis m1 and the lattice
vector a1.
Source Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ζ / ◦ δ / ◦
Exp. I, II, III 8.9± 0.3 19.6± 0.6 78± 1 2± 2 26, 34, 86 ±1
I 8.93± 0.01 19.65± 0.04 75.5± 0.5 4.0± 0.5 25.0± 0.5
Calc. II 8.84± 0.01 19.40± 0.06 81.0± 0.5 4.0± 0.5 31.8± 0.5
III 8.93± 0.01 19.43± 0.04 77.6± 0.5 4.0± 0.5 82.9± 0.5
III would cause a larger domain mismatch and hence consume much more energy.
However, this argument cannot explain why the growth of two mirror domains of
structure I should also be less preferable than in case of structure II, as the domain
mismatch would also be 8◦. Therefore, structure II seems to represent an energet-
ically more favorable overlayer than structures I and III. This conclusion is also in
agreement with the calculation as structure II exhibits a larger energetic gain per
molecule3 than structures I and III.
According to this argument, the existence of all three adsorbate structures in
homogeneous QT domains on different substrate domains as well as the exclusive
formation of structure II mirror domains can be understood as follows: In case a
molecular domain starts to grow as structure II on top of a single reconstructed
Au(111) domain, two opposite influences on the QT growth on top of the adjacent
substrate domain exist: i) an extended growth as mirror domain would consume
energy due to the misalignment of the molecules at the boundary; ii) on the other
hand, an extended growth of the QT molecules without domain mismatch leads to
the formation of structure I or III on adjacent substrate domains which are ener-
getically less favorable. From this point of view, both growth modes should appear
if the effects are similar in terms of energy consumption. If, on the other hand,
structure I or III is initially formed on top of a single Au domain, the homogeneous
growth of an extended QT domain will produce the energetically more favorable
3Energetic gain per molecule denotes the difference between the potential energy corresponding
to a certain domain angle and the incommensurate potential energy (baseline of the potential
energy versus domain angle curve), divided by the number of molecules in the domain.
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structure II on the adjacent substrate domain. Instead, the formation of mirror
domains should not occur, as such a growth mode would cost energy due to both of
the above mentioned reasons; the formation of a less preferable adsorbate structure
and a domain boundary.
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5.3 QTCDI on Au(111)
5.3.1 Experimental results
For the analysis of evaporated QTCDI layers, it is important to keep in mind that
QTCDI evaporation was found to be accompanied by the decomposition of the
molecule (Section 4.2). Therefore, contaminants resulting from the decomposition
might prevent the growth of ordered QTCDI layers. In order to keep the portion of
the decomposition products as small as possible, the Knudsen cell was quickly heated
to the QTCDI sublimation temperature, which took in practice approximately 10
minutes. The mobility of the molecules on the substrate and thus the resulting film
quality was increased by moderate heating of the Au crystal to 100◦C. This way,
the growth of highly ordered molecular domains could be achieved (Fig. 5.8).
z  
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z  
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a 2
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Figure 5.8 STM image (11×12 nm2; V=1.6 V, I=100 pA) of one monolayer QTCDI
on Au(111). The unit cell (blue lines) contains two molecules which are rotated
by the angles ζ1 and ζ2 with respect to the vector a2. The alignment of
the tilted QTCDI molecules along rows can be explained by the formation of
hydrogen bonds as illustrated on the right. For better visibility, the model is
slightly enlarged with respect to the STM image.
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The molecular contrast in the STM image in Figure 5.8 corresponds to the di-
mensions of the QTCDI molecule. Nevertheless, typically objects in uncorrected
STM images exhibit distortions of up to 15%. Therefore, in principal, the molec-
ular contrast in the STM image could also stem from the observed decomposition
products QT and QTCMI (Section 4.2). However, QT can be ruled out in this dis-
cussion, since the molecular arrangement is dissimilar to that seen in the first QT
monolayer on Au(111) (Section 5.2).
The assumption that the STM image shows a QTCDI domain instead of QTCMI
molecules, is supported by the fact that most QTCDI molecules are not decomposed
if the Knudsen cell is heated quickly (compare Section 4.2). Moreover, the symmetric
contrast of the molecules in the STM image corresponds to the QTCDI molecule
rather than to the asymmetric QTCMI one. Beyond these reasons, the STM image
exhibits a tilted brick-wall structure which can be explained by the formation of
hydrogen bonds between the end groups of adjacent QTCDI molecules as indicated
in Figure 5.8. The respective unit cell consists of two molecules which are slightly
tilted with respect to the direction of the unit cell vector a2. In fact, this adsorbate
structure represents the arrangement of QTCDI molecules in the first monolayer
on Au(111) since QTCMI exhibits a distinguishable different structure, as will be
shown in Section 5.4.
For a more precise determination of the QTCDI lattice, LEED images of samples
with monolayer coverage have been analyzed. The LEED image depicted in Figure
5.9(a) can be fully explained by one adsorbate structure. The corresponding unit
cell contains two molecules, as illustrated in Figure 5.8, and has the following lattice
dimensions: ‖a1‖ = (18.4 ± 0.6) Å, ‖a2‖ = (23.8 ± 0.7) Å, and α = (81 ± 1)◦. The
domain angle δ of the adsorbate structure is defined as angle between the
[
1 1 2
]
Au
direction and the adsorbate lattice vector a2 and was deduced as δ = (24 ± 2)◦.
The kinematic LEED pattern in Figure 5.9(b), which was calculated based on these
lattice parameters with two tilted molecules in the unit cell, is consistent with the
LEED image.
It is important to point out that similar to the LEED analysis of QT on Au(111),
the domain angle δ can only be deduced equivocally, due to the ambiguous choice
of adsorbate and substrate azimuths. After the determination of the reciprocal[
1 1 2
]∗
Au
directions from a higher energy LEED image with substrate spots (not
shown here), the domain angles of the three possible adsorbate structures can be
deduced as illustrated in Figure 5.10; δ = (24 ± 2)◦, |δ − 60◦| = (36 ± 2)◦, and
|δ + 60◦| = (84 ± 2)◦. Therefore, STM measurements are again required to reveal
the existing structures. Moreover, corrected STM images also allow to derive the
orientation of the molecules in the unit cell.
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Figure 5.9 (a) LEED image of one monolayer QTCDI on Au(111) taken at a beam
energy of 19.2 eV. (b) Calculated kinematic LEED pattern of the assumed
adsorbate structure. For clarity, the pronounced experimental LEED spots
are encircled in (b).
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Figure 5.10 Kinematic calculated LEED pattern from Figure 5.9(b) with recip-
rocal unit cell (orange lines). The black dashed lines indicate three possible[
1 1 2
]∗
Au
directions which were obtained from LEED images taken at higher
energies exhibiting substrate spots (not shown here). The three possible ori-
entations of the QTCDI domains are given in terms of the domain angle δ.
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Figure 5.11 81 × 59 nm2 STM image (V=-1.2 V, I=150 pA) of a highly ordered
QTCDI monolayer on Au(111). The molecular contrast is modulated by a
zigzag pattern that stems from the underlying reconstructed Au(111) surface.
The homogeneous growth of the extended QTCDI domain on top of a sequence
of two 120◦ rotated substrate domains leads to a simultaneous formation of two
adsorbate structures. The respective domain angles δ1 = 24
◦ and δ2 = 36◦ are
given by the direction of the unit cell vector a2 (blue line) and the
[
1 1 2
]
Au
Au direction (black line).
The STM image in Figure 5.11 exhibits an extended QTCDI domain which is
almost free of defects. The molecular contrast is modulated by a zigzag pattern
that corresponds to a sequence of 120◦ rotated substrate domains. In contrast to
QT on Au(111), the stripe spacing measured in this corrected STM image suggests
an unaltered reconstruction (compare Section 5.2). The homogeneous growth of the
QTCDI domain on top of adjacent rotated substrate domains results in a simulta-
neous formation of two adsorbate structures. In Figure 5.11 the unit cell vector a2
and the
[
1 1 2
]
Au
direction exhibit the domain angles δ1 = 24
◦ and δ2 = 36◦. A
third domain orientation represented by the domain angle δ3 = 84
◦ was also found
in this STM study (Fig. 5.12). Thus, all possible domain orientations according to
the LEED measurements are indeed observed. The corresponding lattice dimensions
are presented in Table 5.4.
Since for adsorbate structure III, the molecular rows along the unit cell vector
a2 run almost perpendicular to the reconstruction stripes, the reconstruction stripe
spacing can be estimated based on the length of the lattice vector a2. The stripe
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Figure 5.12 46× 35 nm2 STM image (V=1.0 V, I=60 pA) of a QTCDI monolayer
on Au(111). The direction of the molecular rows along the unit cell vector a2
represented by the blue line and the
[
1 1 2
]
Au
direction (black lines) exhibit
the domain angle δ3 = 84
◦. The spacing of the reconstruction stripes is ap-
proximately 64 Å indicating an unaltered Au(111) reconstruction. The blue
ellipse marks a sample spot which exhibits objects that are significantly larger
than the QTCDI molecules.
spacing of 63.4 Å corresponds to roughly 2.66 · ‖a2‖ which is in agreement to the
findings in Figure 5.12. There, almost three QTCDI molecules, marked by green
ellipses, fit between two adjacent reconstruction stripes.
It is obvious that the STM image in Figure 5.12 reveals a QTCDI domain that
is not as perfectly ordered as the one shown in Figure 5.11. The sample region that
can be seen on the left side of the black arrow clearly exhibits lattice defects. Even
objects that are much larger than a single QTCDI molecule can be found in the
image (within the blue ellipse). Due to the dimension of these objects, they could
be contaminants of the material in the Knudsen cell. On the other side, the contrast
might correspond to two molecules which are not clearly resolved in the image. Due
to the decomposition of the QTCDI molecule during evaporation, such two molecules
might even belong to different molecular species, therefore exhibiting an alignment
in the layer that is untypical for QTCDI. However, these findings, together with
the fact that the STM images in Figures 5.11 and 5.12 are obtained from different
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Table 5.4 QTCDI adsorbate structures on Au(111) determined by LEED and STM
measurements. The adsorbate lattice is described by the unit cell vectors a1
and a2, the unit cell angle α, the domain angle δ, and the angle ζ. The latter
one defines the azimuthal orientation of the QTCDI molecules in the unit cell
as shown in Figure 5.8.
Source Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ζ1,2 / ◦ δ / ◦
I 18.4± 0.6 23.8± 0.7 81± 2 ± (6± 2) 24± 2
LEED/STM II 18.4± 0.6 23.8± 0.7 81± 2 ± (6± 2) 36± 2
III 18.4± 0.6 23.8± 0.7 81± 2 ± (6± 2) 84± 2
samples, indicate that the growth of highly ordered QTCDI monolayers depends
crucially on the preparation procedure.
Additional evidence for this assumption is given by a sample that was evapo-
rated on a reconstructed Au(111) crystal after heating up the Knudsen cell to the
QTCDI sublimation temperature rather slowly within approximately one hour. The
respective STM image is shown in Figure 5.13. Most of the ordered sample area
can be attributed to the QTCDI adsorbate structure III which is indicated by the
domain angle δ3 = 84
◦. However, lattice defects within this ordered domain cause
a bend of the molecular rows along the unit cell vector a1, whereas the ones along
the unit cell vector a2 seem to be unchanged.
In contrast to the tilted brick wall structure typical for QTCDI, a sample area was
found that shows a different molecular alignment. Although no general conclusion
can be drawn, the applied sample preparation procedure would be consistent with
a structure produced by a different molecular species, such as the decomposition
product QTCMI. In order to verify this assumption, the QTCDI evaporation was
performed in such a way that a larger portion of QTCMI could be expected on the
sample (Section 5.4). However, as the observation of a larger area covered with
a possible QTCMI structure is desired, such a procedure may also increase the
disordered sample area which is already non-negligible for this sample.
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Figure 5.13 77× 67 nm2 STM image (V=0.8 V, I=200 pA) of one molecular layer
on Au(111) obtained after evaporation of QTCDI. Most of the ordered sam-
ple surface can be attributed to the QTCDI adsorbate structure III which is
indicated by the domain angle δ between the direction of a2 (blue line) and
the
[
1 1 2
]
Au
direction(black line). Lattice defects within this QTCDI do-
main cause a bend of the molecular rows along a1 (green line), whereas the
rows along a1 appear unchanged (blue lines). A completely different molecular
alignment can be seen within the blue ellipse.
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5.3.2 Analysis of epitaxial relations
Similar to the observed adsorbate structures of QT on Au(111), only three orienta-
tions of extended QTCDI domains with respect to the reconstructed Au(111) surface
were found in the experiments. In order to identify possible epitaxial relations, the
software Epitaxy [74] was used again, which employs a geometrical lattice match
algorithm (compare Section 5.2.2). The experimentally obtained lattice parameters
are varied step wise within the error intervals. Possible epitaxial adsorbate structures
are found by analyzing the C matrices which are calculated for each adsorbate lat-
tice configuration with respect to the substrate lattice. The Au(111) substrate was
approximated by a slightly compressed hexagonal lattice with the following param-
eters: ‖s1‖ = 2.8532Å, ‖s2‖ = 2.8532Å and ^(s1, s2) = 57.82◦ which corresponds to
the
(
22×√3 ) surface reconstruction (compare Section 3.3).
According to the results of the lattice match algorithm (Table 5.5), each struc-
ture observed in the experiments corresponds to a point-on-line coincident adsorbate
structure. This conclusion is drawn from the C matrices in Table 5.5 for which the
the sums over the two respective matrix rows yield integer values. A structure model
of the first QTCDI monolayer on Au(111) is presented in Figure 5.14 showing struc-
ture I.
Table 5.5 QTCDI lattice parameters on Au(111) and corresponding epitaxy matrix
C as obtained from the geometrical lattice match. Note that the geometrical
lattice match model does not account on the alignment of the molecules in the
unit cell and hence, the angle ζ cannot be determined.
Source Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ δ / ◦ C-Matrix
I 18.2 24.4 82.8 23.3

 1.02 7.98
−7.34 5.34


Lattice match II 18.2 24.4 81.9 35.2

 9.11 −1.11
−2.29 7.29


III 18.1 24.3 81.3 84.1

 −8.24 9.24
−5.16 −1.84


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Figure 5.14 The structural model of the first QTCDI monolayer on Au(111) show-
ing structure I.
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5.4 QTCMI on Au(111)
5.4.1 Experimental results
Samples exhibiting a larger area with a possible QTCMI structure were produced
by a rather long preheating phase below the QTCDI evaporation temperature but
above its estimated decomposition temperature. This way, it can be expected that
QTCMI is accumulated in the Knudsen cell (compare Section 4.2). In practice,
the Knudsen cell was slowly heated to 500◦C and kept at this temperature for
approximately one hour until the pressure in the evaporation chamber reached ap-
proximately 1 · 10−6 mbar. The pressure was used as control parameter for these
evaporation experiments, since a measured constant Knudsen cell temperature was
still accompanied by a pressure increase. These findings indicate that the organic
material in the cell has a significantly different temperature than measured at the
position of the thermoelement sensor and is even heated while measuring constantly
500◦C. It is important to point out that an evaporation pressure of 1 · 10−6 mbar
suggests a high rate of QTCDI decomposition since this value is significantly higher
than 5 · 10−7 mbar, which was the typical evaporation pressure for growing highly
ordered QTCDI monolayers as depicted in Figure 5.11 in Section 5.3.
In Figure 5.15, a STM image of a sample prepared this way is presented. The
image reveals an ordered sample area that shows a tilted brick-wall structure typi-
cal for the arrangement of QTCDI molecules in the first monolayer on Au(111)4. In
general, the domain could still consist of QTCMI molecules that exhibit a similar
structure as QTCDI. In this case, the unit cell dimension should be smaller than ob-
served for QTCDI, due to the presence of only one endgroup. However, the contrast
of the molecules in this domain is modulated by a stripe pattern corresponding to
a reconstructed substrate domain. Hence, the orientation of the adsorbate domain
with respect to the Au(111) surface can be deduced from the image. The resulting
domain angle δ = 84◦ provides additional evidence for the presence of a QTCDI
domain. Moreover, the stripe pattern represents a built-in scale that is in agree-
ment with the QTCDI lattice dimensions. Therefore, an even more precise image
correction based on the QTCDI lattice parameters seems to be justified.
Adjacent to the brick-wall structure, a second ordered domain can be seen that
exhibits a distinct different adsorbate structure. The molecular alignment appears
similar to the one observed for QT on Au(111), which could indeed be the case,
since QT represents one of the observed QTCDI decomposition products. However,
4The appearing white spots in Figure 5.15 represent molecules that lie on top of the first
monolayer.
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Figure 5.15 The 42× 36 nm2 STM image (V=-1.0 V, I=75 pA) shows two highly
ordered domains surrounded by disordered sample regions. The brick wall
structure corresponds to the molecular arrangement of QTCDI molecules. The
domain orientation can be deduced from the image due to the presence of the
Au(111) reconstruction stripe pattern. The black line indicates the
[
1 1 2
]
Au
direction. The blue ellipse marks a sample spot in which the QTCDI lattice is
disturbed. The molecules in the adjacent domain exhibit a notably different
molecular alignment, similar to QT on Au(111). However, the observed do-
main angle of 10◦ indicates the formation of a QTCMI domain. Neighboring
molecules along the direction of a′2 appear as pairs (illustrated by green el-
lipses), which are shifted by the vector a′2 with respect to the pairs in adjacent
rows. A possible unit cell is shown in the inset (9× 8 nm2).
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the corresponding lattice dimensions, including the observed domain angle of 10◦,
do not agree with a QT adsorbate structure. A possible binary phase seems also
unlikely, as the individual molecules appear alike according to their dimensions. A
mixture with larger QTCDI or smaller QT molecules should be visible in the STM
image producing apparent edges along the molecular rows. Therefore, it can be
assumed that a QTCMI structure is indeed observed.
In contrast, irregularities according to the packing of the molecules can be found
in the QTCDI domain. Along the blue line in Figure 5.15, adjacent molecules are
separated by dark regions which represents the typical STM contrast of a QTCDI
monolayer on Au(111) (Section 5.3). On the other hand, this apparent dark region
is missing between some molecules within the blue ellipse.
The contrast difference can be explained by the assembly of individual QTCMI
molecules into the QTCDI domain. According to this assumption, the dark regions
correspond to two endgroups that belong to two adjacent QTCDI molecules as
observed within a highly ordered QTCDI monolayer. If individual QTCMI molecules
are part of the domain, the dark region may also represent the two endgroups of one
QTCDI and one QTCMI, or two QTCMI molecules. Instead, the bright regions can
be attributed to the presence of one or no endgroup.
Anyway, most of the molecules in the domain exhibit the contrast typical for
the 84◦ QTCDI phase. These findings indicate that individual QTCMI molecules
are embedded in the QTCDI domain, rather than that a regular adsorbate lattice
is formed containing both molecular species in the unit cell.
Following the argumentation from above, insight in the alignment of the molecules
in the QTCMI domain can be gained. In the STM image, neighboring molecules
along the direction of a′2, appear as pairs resulting in alternating bright and dark
regions between adjacent molecules. These findings indicate that the endgroups of
such a pair QTCMI molecules point into opposite directions, as it is illustrated in
the schematic drawing shown in Figure 5.16. The STM image also suggests that
the QTCMI pairs in adjacent rows are shifted by the vector a′2 with respect to
each other. As a consequence, the molecular rows parallel to a1 also exhibit an
alternating molecular orientation. This proposed molecular arrangement seems also
reasonable from an energetic point of view, since the dipole moment of the whole
QTCMI domain is then minimized.
The assumed molecular alignment is also supported by the high resolution STM
image shown in Figure 5.16. The molecular contrast in the image is asymmetric
as the QTCMI molecule. The molecules along a1 appear bright subsequently on
the left and right side indicating an alternating molecular orientation. Moreover, all
molecules parallel to the black line in Figure 5.16 exhibit a similar contrast indicating
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Figure 5.16 High resolution STM image of a QTCMI domain on Au(111) (14 ×
9 nm2; V=0.8 V, I=120 pA). The asymmetric molecular contrast indicates
a sequence of 180◦ rotated molecules along a1, whereas the rows parallel to
the black line exhibit a similar contrast pointing towards the same molecular
orientation. This molecular arrangement results in subsequent head to head
and tail to tail configurations along a′2. The orientation of the two molecules
in the unit cell, which is described by the angles ζ1,2 indicates the formation of
hydrogen bonds between the endgroups, as schematically drawn on the right.
the same molecular orientation. As a result of this alignment, the molecules along
a′2 form the above mentioned QTCMI pairs.
From the high resolution image in Figure 5.16, the orientation of the two molecules
within the QTCMI unit cell was derived in terms of the angles ζ1,2. The angles ζ1,2
are defined between the molecule mirror axis m (Fig. 4.7) and the unit cell vector
a1. The obtained values ζ1 = (76± 4)◦ and ζ2 = (104± 4)◦, indicate the formation
of hydrogen bonds, as illustrated in Figure 5.16.
As mentioned above, the observation of QTCMI and QTCDI structures in one
STM image allows to determine the QTCMI lattice parameters based on the built-in
QTCDI scale. Additional LEED measurements were carried out in order to verify
the obtained lattice parameters. The LEED image shown in Figure 5.17(a) exhibits
pronounced diffraction spots indicating an ordered adsorbate layer also on a larger
scale. Despite the fact that also QTCDI domains have been observed in the STM
measurements, the whole LEED image can be explained by two adsorbate structures
that corresponds to the QTCMI unit cell dimensions observed in the STM images
but not to the QTCDI lattice. The respective QTCMI lattice parameters are given
in Table 5.6.
The orientation of the QTCMI domains with respect to the substrate lattice is
defined by the domain angle δ which is given here as angle between the adsorbate
lattice vector a1 and the
[
1 1 2
]
Au
direction. From the LEED image, the two domain
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Figure 5.17 10.7 eV LEED image of approximately one monolayer QTCMI on
Au(111) and calculated kinematic LEED pattern of the two assumed adsorbate
structures.
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Figure 5.18 Calculated LEED pattern of the two assumed adsorbate structures
with the respective reciprocal unit cells (solid red and blue lines) and possible
domain orientations.
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Table 5.6 Adsorbate structures of the first monolayer QTCMI on Au(111) deter-
mined by LEED and STM measurements. The lattice can be described by the
vectors a1 and a2, the unit cell angle α, and the domain angle δ. The angles
ζ1 and ζ2, defined as angle between the molecule mirror axis m and the unit
cell vector a1, express the mutual alignment of the two molecules in the unit
cell.
Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ζ1 / ◦ ζ2 / ◦ δ / ◦
1-I, II, III 18.2± 0.6 25.8± 0.8 51± 2 76± 4 104± 4 10, 50, 70 ±2
2-I, II, III 18.2± 0.6 25.8± 0.8 51± 2 76± 4 104± 4 20, 40, 80 ±2
alignments δ1 = (10±2)◦ and δ2 = (20±2)◦ are deduced. The observed LEED image
can be reproduced by a calculated kinematic LEED pattern of these two adsorbate
structures (Fig. 5.17(b)). The two molecules in the QTCMI unit cell were included
in the calculation.
In Figure 5.18, the reciprocal unit cells of the two adsorbate structures are de-
picted within the calculated LEED pattern. It is important to point out that, similar
to the LEED images of QT and QTCDI monolayers on Au(111), the substrate’s sym-
metry produces an ambiguity regarding the domain orientation of the adsorbate on
a highly symmetric substrate lattice. The three possible reciprocal
[
1 1 2
]∗
Au
direc-
tions, which are indicated in Figure 5.18, were derived from higher energy LEED
images exhibiting also substrate diffraction spots (not shown here). The corre-
sponding domain angles are derived according to Figure 5.18 as δ1 = (10 ± 2)◦,
|δ1 − 60◦| = (50 ± 2)◦, and |δ1 + 60◦| = (70 ± 2)◦, as well as, δ2 = (20 ± 2)◦,
|δ2 − 60◦| = (40± 2)◦, and |δ2 + 60◦| = (80± 2)◦.
Additional STM measurements are required to determine which domain orienta-
tions actually exist on the sample. In principal, the orientation of a QTCMI domain
has to be obtained from high resolution STM images showing both, the molecular
layer and the Au(111) reconstruction, as it was discussed for the growth of the first
QT and QTCDI monolayers. Due to the rather large number of possible domain
orientations obtained from LEED, here only the 10◦ phase is presented as example
(Fig. 5.15). However, a larger scan of the same sample region is shown in Figure
5.19. Therein, the blue rectangle marks the sample spot that corresponds to Figure
5.15. Obviously, in the image the QTCMI domains can be identified by a stripe
pattern which can be clearly distinguished from the contrast produced by a QTCDI
domain. In fact, various orientations of the stripe patterns can be observed which
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Figure 5.19 Large area STM scan exhibiting QTCDI and QTCMI domains on
Au(111) (240 × 230 nm2; V=-1.0 V, I=80 pA). The blue rectangle marks the
sample spot that corresponds to Figure 5.15. The comparison allows to at-
tribute the stripe pattern (highlighted by the black lines) to QTCMI domains,
which can clearly be distinguished from QTCDI domains (blue ellipse). The
various orientations of the QTCMI domains visible in this scan indicate the
actual growth of the equivocal phases determined in LEED measurements.
provides evidence that other domain angles also exist on the sample.
It is important to point out that the STM images shown here exhibit both
QTCDI and QTCMI domains. Since the LEED image (taken from a different sam-
ple) exhibits only QTCMI diffraction spots, the sample area covered by ordered
QTCMI domains can also significantly exceed ordered QTCDI regions. However,
a sample exhibiting exclusively highly ordered QTCMI domains could not be suc-
cessfully prepared. The difficulty is given by the fact that although decomposition
of QTCDI starts well below the QTCDI sublimation temperature and therefore
QTCMI can be accumulated in the Knudsen cell, QTCMI was found to evaporate
at a similar evaporation temperature as QTCDI.
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5.4.2 Analysis of epitaxial relations
The evaluation of a possible epitaxial relation between the QTCMI adsorbate struc-
tures and the Au(111) substrate was again performed by using the software Epi-
taxy [74]. The lattice parameters of the QTCMI adsorbate structures were var-
ied step wise within the experimental error intervals and compared to those of
the Au(111) reconstruction. The substrate was described by a slightly compressed
hexagonal lattice with the following parameters: ‖s1‖ = 2.8532Å, ‖s2‖ = 2.8532Å
and ^(s1, s2) = 57.82◦. It is important to point out that the choice of the substrate
lattice parameters is based on the assumption that the adsorption of QT molecules
does not alter the
(
22×√3 ) Au(111) reconstruction. However, in contrast to QT
and QTCDI on Au(111), no STM image could be obtained that reveals whether
this assumption is justified. Corresponding to each experimental observed adsor-
bate structure, the lattice match algorithm yield structures that can be described
by epitaxial matrices with a column of integers or integer sums over both matrix
rows (Table 5.7). Therefore, the growth of the first monolayer QTCMI on Au(111)
can be explained by a point-on-line epitaxy. A respective structural model is shown
in Figure 5.20.
Figure 5.20 Structural model of QTCMI on Au(111) which is represented by the
80◦ phase.
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Table 5.7 QTCMI lattice parameters on Au(111) and corresponding epitaxy matrix
C as obtained from the geometrical lattice match. Note that the geometrical
lattice match model does not account for the alignment of the molecules in the
unit cell and hence, the angle ζ cannot be determined.
Source Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ δ / ◦ C-Matrix
Lattice match 1-I 17.8 26.5 51.7 10.1

 2.37 4.63
−5.97 10.97


1-II 17.9 26.5 51.1 52.6

 −7.32 3
−5.60 −5


1-III 18.0 26.6 51.0 70.9

 −5 −7.37
−11 −5.58


Lattice match 2-I 18.0 25.5 50.8 21.2

 5.70 1
−0.13 9


2-II 18.0 25.5 51.8 40.8

 −1.54 7
−9.47 9


2-III 17.9 25.6 50.9 80.0

 −7 5.76
−9 0.04


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5.5 QT on Au(100)
5.5.1 Experimental results
LEED images of one monolayer QT on Au(100) exhibit a diffraction pattern with
a fourfold symmetry (Fig. 5.21(a)). The pattern can be explained by an adsorbate
structure described by the two lattice vectors ‖a1‖ = (9.0± 0.3) Å, ‖a2‖ = (19.7±
0.6) Å, the unit cell angle α = (77± 2)◦, and the domain angle δ = (88± 2)◦. The
latter is defined as angle between the [ 1 1 0 ]Au direction and the adsorbate lattice
vector a1.
In contrast to the LEED image of one monolayer QT on Au(111), only some of
the observed spots can be explained by single scattering processes at the adsorbate
lattice. These spots are marked with full blue circles in Figure 5.21(b), which shows
a calculated geometric LEED pattern of the assumed adsorbate structure on top
of the 0◦-Au(100) reconstruction5. According to the findings of Gibbs et al., the
reconstructed Au(100) surface exhibits a hexagonal arrangement of gold atoms on
top of the Au(100)-bulk plane (Section 3.3). The LEED spots indicated by the red
squares are produced by electrons that are scattered at these two Au-layers, and
hence are multiple scattering substrate spots. In the experimental LEED image,
it can be seen that the substrate spots near the shadow of the electron gun are
especially intense (Fig. 5.21(a)). A fraction of the electrons scattered from the
substrate into the direction of these substrate spots is even scattered a third time at
the adsorbate layer. The corresponding diffraction spots are indicated by open blue
circles. Their geometric location can be obtained by plotting the single scattering
image of the adsorbate layer around the four intense substrate spots (Fig. 5.22(a)).
As discussed in Section 3.3, two phases of the Au(100) reconstruction exist at
room temperature. The calculated geometric LEED pattern of the assumed adsor-
bate structure on top of the 0.81◦-Au(100) reconstruction reveals that the substrate
spots split into two diffraction spots (Fig. 5.22(b)). However, the experimental
LEED image does not exhibit such a spot splitting. As mentioned above, the elec-
trons producing the inner substrate spots act also as primary beam when passing the
adsorbate layer. Therefore, the split up of the inner substrate spots will also lead
to additional smeared out multiple scattering spots which is incompatible with the
rather sharp spots observed in the LEED image. These findings provide evidence
for the observed diffraction pattern being produced by a QT monolayer adsorbed
on the 0◦-Au(100) reconstruction rather than the 0.81◦-Au(100) reconstruction.
5Note that some of the spots of the simulated LEED pattern are almost completely hidden by
the electron gun in the experimental LEED image.
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Figure 5.21 (a) LEED image of one monolayer QT on Au(100) taken at 19.3 eV.
(b) Calculated geometric LEED pattern of the assumed QT structure on the
0◦-Au(100) reconstruction. The red squares mark spots that are caused by
scattering at the two substrate layers. Full blue circles represent single scat-
tering adsorbate spots. The open blue circles indicate diffraction spots that
are produced by electrons scattered at the substrate and the adsorbate layers.
Figure 5.22 (a) Calculated geometric LEED pattern as in Figure 5.21(b) with re-
ciprocal adsorbate unit cell (blue solid lines). Diffraction spots that are pro-
duced by electrons scattered at the Au(100) substrate and the QT layer can
be graphically obtained by plotting the reciprocal adsorbate lattice around the
substrate spots (dashed blue lines). (b) Calculated geometric LEED pattern
of the assumed QT structure on the 0.81◦-Au(100) reconstruction reveals the
splitting of the substrate spots. For simplicity, only single scattering adsorbate
spots and the splitting of the substrate spots are shown.
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It is worth mentioning that, as long as simple scattering is considered, the domain
angle can only be equivocally determined as δ and |δ − 90◦| due to the substrate
symmetry. By applying multiple scattering theory instead, the domain angle can be
identified unambiguously. However, the occurrence of multiple scattering processes
in the present case prohibits the use of kinematic LEED theory (Section 2.2).
Figures 5.23 and 5.24 show an extended, highly ordered domain of QT molecules
on top of the Au(100) surface which is almost free of defects and the respective FFT
image. The molecules order along rows parallel to the lattice vector a1 which are
shifted by half a a1 lattice constant against each other. The azimuthal orientation of
the QT molecules in the unit cell is expressed in terms of ζ which is defined as angle
between the mirror axis m1 of the QT molecule and the lattice vector a1. From the
STM images a value of ζ = 2± 2 ◦ is obtained.
The complete structural data determined by LEED and STM are summarized
and compared to QT on Au(111) in Table 5.8. On both substrates, the molecules
exhibit a similar alignment with almost identical unit cell dimensions which indicates
that the molecular arrangement is essentially determined by the interaction of the
molecules within the adsorbate layer, whereas the interaction of the molecules with
the Au atoms affects the orientation of the molecular domains with respect to the
substrate.
It is noteworthy that the molecular contrast visible in the STM image is modu-
lated by a complicated pattern. In general, an apparent contrast modulation of the
molecules in STM images could be caused by differently inclined molecules since the
tunnelling current should alter with a possible inclination of the molecules due to
different tip-molecule distances and different electronic properties. However, since
the contrast cannot be described by a unit cell consisting of a small number of
molecules, the inclination of the molecules would have to alter continuously in the
adlayer which is physically unsound. Instead, in many cases aromatic molecules
form highly ordered layers of flat lying molecules on Au(100) [3, 64], due to the
strong overlap of the π-electron system and the metal electrons. For the present
case, such an assumption is also supported by the fact that the lattice parameters
of the QT adsorbate structure correspond to a densely packed monolayer consisting
of flat lying molecules similar to the findings on Au(111) (Section 5.2).
Since the tunnelling current depends not only on the local density of states of
the adsorbate, but also on the density of states of the substrate, the resulting STM
image can be understood as a Moiré pattern caused by a superposition of the lattices
involved in the tunnelling process. As discussed in Section 2.3, a multiplicative
superposition of two lattices in real space corresponds to the convolution of the
respective reciprocal lattices, which can be carried out graphically by plotting the
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Figure 5.23 STM image (52.3×52.3 nm2; V=0.6 V, I=20 pA) of an extended highly
ordered QT domain on Au(100).
Figure 5.24 FFT image corresponding to the STM image shown in Figure 5.23.
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Table 5.8 QT adsorbate structure on Au(100) compared to QT on Au(111). The
adsorbate lattices are described by the unit cell vectors a1 and a2, the unit
cell angle α, the domain angle δ and the angle ζ. The latter one defines the
azimuthal orientation of the QT molecule in the unit cell.
System Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ζ / ◦ δ / ◦
QT/Au(100) I 9.0± 0.3 19.7± 0.6 77± 2 2± 2 88± 2
QT/Au(111) I, II, III 8.9± 0.3 19.6± 0.6 78± 1 2± 2 26, 34, 86 ±1
reciprocal adsorbate lattice around each reciprocal substrate spot. Following this
argumentation, the FFT image can be explained by spots that correspond to the
reciprocal adsorbate and substrate lattices, whereas the remaining FFT spots, which
represent the complicated contrast modulation of the QT molecules in the STM
image, are obtained from the convolution of the two lattices (Fig. 5.25).
It is important to point out that the substrate spots described by the vectors s∗1,
s∗2 correspond neither to the reconstructed Au layer nor to the bulk plane. These
findings are similar to the results obtained from LEED in which the observed sub-
strate spots were produced by multiple scattering processes and hence are caused by
both substrate lattices. In order to identify whether the FFT substrate spots belong
in a similar way to a Moiré pattern produced by the superposition of the hexagonal
and the bulk lattices, multiple scattering LEED simulations have been performed.
Such a proceeding seems justified, since the above mentioned graphical convolution
is equivalent to the appearance of multiple scattering diffraction spots produced at
the same lattices (compare Section 2.3).
Figure 5.26 exhibits a calculated geometrical LEED pattern of a single QT do-
main on the 0◦-Au(100) reconstruction which is placed on top of the FFT image,
whereas the adsorbate structure obtained from the LEED measurement is used.
In contrast to Figure 5.21(b), additional higher order multiple scattering substrate
spots are depicted. The first order single scattering adsorbate spots allow to scale
the calculated LEED pattern to the FFT image. As can be seen in Figure 5.26(a),
the FFT spot denoted by the vector s∗1 can be explained by the calculated LEED
pattern. In fact, the corresponding LEED spot was also observed in the LEED
image near the shadow of the electron gun (Fig. 5.21(a)). In contrast, an apparent
deviation between the FFT spot location described by s∗2 and the respective calcu-
lated spot position is visible. A distortion typical for STM images and the respective
FFT images can be excluded as possible explanation of the effect, since the FFT
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Figure 5.25 FFT image as shown in Figure 5.23(b) with reciprocal adsorbate and
substrate lattice vectors a∗1, a
∗
2 and s
∗
1, s
∗
2. For clarity, only the reciprocal
adsorbate unit cell is depicted (solid blue line). The convolution of both lattices
yields the locations of the remaining FFT spots. In (a) and (b) centered copies
of the reciprocal adsorbate lattice (dashed blue lines) are placed around the
substrate spots described by the vectors ± s∗1 and ± s∗2, respectively.
Figure 5.26 Calculated geometrical LEED patterns of a single QT domain of the
assumed adsorbate structure (blue dots) on Au(100) (red dots) placed on the
FFT image from Fig. 5.23(b). (a) The use of the 0◦-Au(100) reconstruction
as substrate yields a discrepancy with the FFT spot described by the vector
s∗2. (b) If a slightly relaxed Au(100) reconstruction is assumed, the whole FFT
image can be explained. The lattice parameters of the relaxed reconstruction
layer can be found in Table 5.9.
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Table 5.9 Comparison of the lattice parameters of the topmost layers of the 0◦-
Au(100) reconstruction according to reference [40] and the here observed re-
laxed arrangement after deposition of one monolayer QT.
Source ‖sr1‖ / Å ‖sr2‖ / Å ^(sr1, sr2) / ◦ ^(sr1, [110]Au) / ◦
Reference [40] 2.766± 0.002 2.763± 0.002 120.03± 0.10 0± 0.05
LEED/STM 2.80± 0.01 2.78± 0.01 119± 0.2 0± 0.5
image was corrected based on the LEED data. Instead, the complete FFT image
including the spot denoted by s∗2 can be explained, if a slightly relaxed arrangement
of the Au atoms in the reconstructed layer is assumed (Fig. 5.26(b)). In Table 5.9
the corresponding lattice parameters (sr1, s
r
2) are compared to the lattice dimensions
of the topmost layer of the 0◦-Au(100) reconstruction.
It is important to point out that the relaxed arrangement of the Au atoms in the
reconstructed layer hardly influences the position of the substrate spots visible in the
LEED image. Moreover, a possible substrate LEED spot corresponding to the FFT
spot described by s∗2 would be hidden by the electron gun. Therefore, the altered
reconstruction is also in agreement with the observed LEED image. Additional
evidence for a relaxation of the Au(100) reconstruction induced by the adsorption
of one monolayer QT is given by the fact that a similar effect has been observed
for one QT monolayer on the reconstructed Au(111) surface (compare Section 5.2).
However, to the best of our knowledge, an adsorbate induced change of the Au(100)
reconstruction has not been described in literature yet. Therefore, the presented
results are the first indication that also the Au(100) reconstruction can react upon
the deposition of molecules by a slight relaxation.
Besides the STM image discussed so far, a second type of images was observed,
which exhibits a distinctly different Moiré pattern (Fig. 5.27). Again, the corre-
sponding FFT image (Fig. 5.28) can be described by the adsorbate structure as
determined from LEED, which indicates that the two types of STM images show
mirror domains. The mirror symmetry can also be seen in the respective FFT images
(compare Figs. 5.24 and 5.28).
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Figure 5.27 STM image (55.3× 60.7nm2; V=-0.3 V, I=160 pA) of one QT mono-
layer on Au(100) which exhibits a different contrast modulation than the QT
domain shown in Figure 5.23.
Figure 5.28 FFT image corresponding to the STM image shown in Figure 5.27.
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5.5.2 Analysis of epitaxial relations
Similar to the findings for the first monolayer QT on Au(111), only a single value of
the domain angle δ was observed for the first monolayer QT on Au(100), which is
indicative for an epitaxial growth. In order to identify a possible epitaxial relation,
the geometrical lattice match model was also applied here (compare Section 5.2.2).
The substrate was approximated by the topmost Au(100) reconstruction layer
using the lattice dimensions of the relaxed arrangement of the Au atoms as given
in Table 5.9. In order to identify a possible epitaxial relation of the QT adsorbate
structure with respect to the relaxed Au(100) reconstruction, the experimental ob-
tained lattice parameters where stepwise varied while analyzing the epitaxy matrix
C for each configuration. This way, a point-on-line coincident structure was derived
which is indicated by the epitaxy matrix depicted in Table 5.10. The corresponding
adsorbate lattice vectors are slightly larger than the upper experimental bars would
permit, whereas unit cell angle as well as domain angle are in good agreement with
the experiment. However, these rather small deviations might reflect the limits of
the lattice match algorithm which does not account on the vertical corrugation of
the relaxed Au(100) reconstruction. Therefore, the first QT monolayer can be as-
sumed to grow point-on-line on the slightly relaxed 0◦-Au(100) reconstruction. A
model of the obtained adsorbate structure is given in Figure 5.29.
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Table 5.10 QT lattice parameters and corresponding epitaxy matrix C as obtained
from the geometrical lattice match.
Source ‖a‖1 / Å ‖a‖2 / Å α / ◦ δ / ◦ C-Matrix
Lattice match 9.44 20.47 75.6 2.26

 2 3.88
8 1.77


Figure 5.29 Proposed structural model of the first QT monolayer on Au(100). The
yellow dots represent Au atoms of the topmost layer of the Au(100) reconstruc-
tion.
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5.6 Summary
Highly ordered monolayers of QT derivatives were grown on single crystalline Au
substrates by means of organic molecular beam epitaxy. The structural characteriza-
tion of the samples was performed by LEED and STM measurements. Both, highly
ordered QT and QTCDI layers are formed on top of Au(111) comprising flat lying
molecules. For the two systems, distinctly different molecular arrangements were
observed which can be reasoned by the influence of the substituents. In contrast to
the molecular alignment of the QT molecules along rows, the QTCDI molecules were
found to form a brick-wall structure that can be explained by the formation of hy-
drogen bonds between the molecular endgroups. For both systems, three adsorbate
structures with the same molecular alignment, but different domain orientations
were observed due to the fact that both molecules grow homogenously in extended
molecular domains on top of multiple rotational Au(111) substrate domains.
A second influence of the endgroups was observed in form of significantly differ-
ent sublimation temperatures. QT was found to evaporate at approximately 350◦C.
In contrast, the sublimation temperature of QTCDI was much higher (about 530◦C).
As a consequence, QTCDI evaporation was always accompanied by a decomposition
of the molecule. The asymmetric QTCMI molecule was identified as one decompo-
sition product which was also found to form highly ordered domains. The observed
arrangement of the QTCMI molecules is governed by the molecule’s dipole moment
and also its endgroup.
In order to study the influence of the substrate, the growth of the first QT
monolayer on Au(100) was also investigated. On this surface, the molecules exhibit
the same molecular alignment as observed for QT on Au(111). These findings reflect
the fact that the lateral molecular arrangement is essentially determined by the
interaction of the molecules within the adsorbate layer. However, the interaction of
the molecules with the Au substrates causes flat lying molecules and determines also
the orientation of the molecular domains with respect to the substrate. According
to the fact that the Au(100) surface typically exhibits only one reconstruction phase
per terrace, the existence of only one domain orientation allows the formation of
extended QT domains. Following this argumentation, the observation of only one
adsorbate structure for QT on Au(100) can be understood. In comparison, Au(111)
terraces typically exhibit a sequence of rotational substrate domains. Therefore,
the growth of extended adsorbate domains requires the existence of three adsorbate
structures, which might even result in adsorbate domain orientations that are less
favorable. Additional experimental evidence for this hypothesis is given by the
fact that besides the homogeneous growth of QT on adjacent rotational Au(111)
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domains, only one of the adsorbate structure was found to form mirror domains
creating thereby energy consuming domain walls.
The adsorbate structures of the investigated QT derivatives on Au(111) and
Au(100) can all be explained within the framework of the point-on-line model.

6 Organic-organic homoepitaxy
6.1 Introduction
Homoepitaxy describes the epitaxial growth of a crystalline film on a substrate of
the same material. In case of organic molecules, a highly ordered organic substrate
layer has to be prepared in a first step, since organic single crystals are not com-
mercially available. Organic-inorganic heterosystems as described in the previous
Chapter can be used as suitable organic substrates. The growth of the subsequent
layer is influenced by the structure of the organic substrate monolayer, which in
turn usually depends on the inorganic substrate [66]. Hence, both layers influence
the organic-organic homoepitaxy. However, with increasing film thickness of the
organic adsorbate, the influence of the organic-inorganic interface becomes weaker,
ultimately often resulting in the growth of the bulk structure.
The organic molecule PTCDA represents a model system for OMBE. The re-
spective bulk crystal contains a plane ((102)-plane) in which all molecules are lying
flat1. Since the first monolayer of PTCDA grows flat lying on various metal sub-
strates with the same molecular arrangement as in the bulk (102)-plane, subsequent
PTCDA layers can be stacked similar to the bulk crystal, resulting in the same
molecular arrangement also in the second monolayer [79–81]. In case of quaterry-
lene no such bulk plane with all flat lying molecules exists. Therefore, the growth of
the second QT monolayer is less predictable, although the molecules are flat lying
in the first monolayer as well (Section 5.2).
1Two bulk crystal polymorphs exist, which both contain a plane with all molecules lying flat [77,
78].
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6.2 QT on QT on Au(111)
Figure 6.1(a) exhibits a LEED image of approximately two monolayers QT on
Au(111). Despite the fact that the LEED image of one monolayer QT (Fig. 5.1(a))
was obtained at somewhat higher beam voltage, the LEED images of one and two
monolayers coverage exhibit distinct different diffraction patterns. This observation
indicates a different structure of the QT molecules in the second monolayer. Indeed,
the LEED image originating from two monolayers QT on Au(111) can be explained
by a superposition of two adsorbate lattices, whereas the lattice parameters of the
first layer are exactly the same as observed for monolayer coverage. The second
monolayer can be described by a lattice with the parameters: ‖b1‖ = (11.9±0.4) Å,
‖b2‖ = (39.3 ± 1.1) Å, and β = (78 ± 1)◦. Figure 6.1(b) shows a calculated kine-
matic LEED pattern of the assumed adsorbate structure, that explains all spots
which were observed in the LEED experiment. The calculated geometric LEED
pattern in Figure 6.2(b) indicates which of the spots stem from the first and second
monolayer, respectively. The reciprocal unit cells of both layers depicted in Figure
6.2(a) exhibit a parallel alignment of the unit cell vectors b1 and a1 as well as b2
and a2. It is important to point out that again the orientation of the two adsorbate
lattices with respect to the substrate lattice can only be determined equivocally
(compare Section 5.2). STM measurements revealed that the first monolayer spots
are produced by three adsorbate structures as discussed in Section 5.2. However,
at this point, it cannot be concluded whether the unit cells of the first and second
layer are aligned as indicated in Figure 6.2(a) or rotated by plus and/or minus 60◦
with respect to each other.
The LEED measurements also indicate a relaxed arrangement of the molecules
in the second monolayer since the corresponding lattice vectors are longer than the
ones describing the first monolayer2 (b1 = 1.33 a1, b2 = 2 a2). However, such an
overlayer structure cannot be understood as energetically favorable and is also in
contradiction to the high resolution STM image in Figure 6.3 which shows that
the molecules of the second layer order densely packed along the molecular rows of
the first monolayer. Therefore, the unit cell of the second monolayer must consist
of more than one molecule. It is assumed here that, along the molecular rows
parallel to b1, an upstanding molecule is adsorbed in between the spaces of two flat
lying molecules since the lattice vector b1 = 1.33 a1 obtained from LEED forbids
an additional flat lying molecule. Such an arrangement is also in agreement with
2The longer real space lattice vectors of the second monolayer compared to the lattice vec-
tors of the first monolayer correspond to shorter reciprocal lattice vectors as obtained in LEED
measurements and depicted in Figure 6.2(a).
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Figure 6.1 (a) LEED image of approximately two monolayers QT on Au(111) taken
at an energy of 15.6 eV. The
[
1 1 2
]∗
Au
direction (dashed line) was obtained
from the bulk substrate spots visible at higher beam energies (not shown here).
(b) Calculated kinematic LEED pattern for the assumed adsorbate structure
based on two distinct lattices for the first and second QT monolayers.
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Figure 6.2 (a) Reciprocal unit cells of the first (orange cell) and second monolayer
(green cell) depicted within the calculated kinematic LEED pattern. For clar-
ity, only one of the three possible
[
1 1 2
]∗
Au
directions is shown. (b) Calculated
geometric LEED pattern of the assumed adsorbate structure. The blue and
green dots represent diffraction spots that stem from the first and second QT
monolayer, respectively.
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Figure 6.3 The 22 × 22 nm2 STM image of 1.5 monolayers QT on Au(111) shows
an island on top of the first monolayer (V=0.8V, I=80pA). The molecules of
the second monolayer order along the molecular rows of the first monolayer.
The inset (11×11 nm2, V=1.0V I=100pA) exhibits an alternating bright-dark
contrast of neighbor molecules along these rows (parallel to b1). The inset also
shows that every QT row is shifted by roughly half a b1 lattice constant with
respect to on of the adjacent rows and by a smaller amount with respect to
the other row, which indicates the formation of in-plane dimers.
the alternating bright-dark contrast3 visible in the inset of Figure 6.3, and also
bears a strong similarity to the crystal structure [47, 82]. Alternating flat lying
and upright standing molecules were also observed in thin films of the comparable
quater- and sexiphenyl molecules on Au(111) [83, 84]. Further, the inset shows that
every QT row is shifted by roughly half a b1 lattice constant with respect to on
of the adjacent rows and by a smaller amount with respect to the other row. This
observation indicates the formation of in-plane dimers and leads to a lattice vector
b2 being twice as long as the lattice vector a2 of the first layer as obtained from
LEED.
Figure 6.4 exhibits a large island of QT molecules on top of the first monolayer.
The success in imaging QT islands on top of a complete QT monolayer reflects
3Despite the smaller tunnelling distance between tip and upright standing molecule, the tun-
nelling probability between tip and flat lying molecule can still be much larger due to the strong
overlap of the large π-electron system with the orbitals of the metal.
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Figure 6.4 The STM image exhibits the first and second QT monolayers on
Au(111) (165 × 60 nm2; V=-1.0 V, I=100 pA). The apparent kink in the QT
rows of the first monolayer (illustrated by the blue lines) indicates the for-
mation of two mirror domains of structure II. The contrast of the molecules
in the second monolayer is modulated by the Au(111) surface reconstruction
(black dashed line), allowing to deduce the domain orientations in the first and
second monolayers with respect to the Au(111) surface.
Figure 6.5 STM image of a QT island on top of the first QT monolayer on Au(111).
An apparent kink in the QT rows in the second monolayer occurs as conse-
quence of the kink in the QT substrate rows (70 × 25 nm2; V=1.2 V, I=210
pA).
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Table 6.1 Adsorbate lattice parameters of the second QT monolayer on Au(111)
described by the vectors b1, b2, and the unit cell angle β. The epitaxy matrix
C exhibits the point-on-line coincidence (coincidence II) with respect to the
lattice of the first monolayer.
‖b1‖ / Å ‖b2‖ / Å β / ◦ C
11.9± 0.4 39.3± 1.1 78± 1
(
1.33 0
0 2
)
the stronger corrugation of the organic substrate layer as compared to the Au(111)
surface since no images of QT submonolayers on Au(111) could be obtained. The
first monolayer visible in Figure 6.4 exhibits an apparent kink in the QT rows,
indicating the presence of two QT mirror domains of structure II (compare Section
5.2). In fact, the corresponding structure II domain angle δ = 34◦ can even be
deduced from the orientation of the second monolayer, since the contrast of the QT
molecules forming the island is modulated by the zigzag pattern that is typical for
the reconstructed Au(111) surface. As can be clearly seen in Figure 6.5, the QT
rows in the second monolayer follow the kink in the underlying QT rows, which
indicates an energetic favorable stacking of the two QT layers, if the QT rows of the
second monolayer grow along the ones of the first monolayer.
The structural data of the second QT monolayer is presented in Table 6.1. The
epitaxy matrix C suggests a point-on-line coincident growth (coincidence II) of the
second monolayer with respect to the first monolayer. According to the epitaxy
grammar presented in Section 3.1, the structure of the second monolayer can also
be described by a (3 × 2) super cell (Fig. 6.6). The corner points of this super
cell coincide with substrate lattice points, which is equivalent to a non-primitive,
commensurate overlayer unit cell. In Figure 6.6, the respective corner molecules
are assumed to stack similar to the crystal structure [47, 82] with a slight in-plane
offset.
In conclusion, the investigation of the growth of the second QT monolayer on
Au(111) revealed a distinct different structure compared to the first monolayer.
In contrast to the flat lying molecules in the first QT monolayer, the second one
exhibits a structure comparable to the bulk with alternating flat lying and standing
molecules. The molecules in the second layer order along the rows of the subjacent
QT substrate layer resulting in a point-on-line epitaxy.
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Figure 6.6 Proposed structural model of the second QT monolayer (red molecules)
on top of the first QT monolayer (green molecules). The unit cell of the second
monolayer (solid green lines) consists of two flat lying and two upstanding
molecules. The larger unit cell (dashed green lines) represents a (3× 2) super
structure that is commensurate with respect to the first QT monolayer.
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6.3 Summary
The growth of the second monolayer QT on Au(111) was investigated by means of
LEED and STM measurements. Similar to the growth of the first QT monolayer, the
OMBE technique allows also the preparation of highly ordered QT domains in the
second monolayer. The QT molecules in the second monolayer order densely packed
along the rows of the first monolayer, which results in the formation of only a single
domain orientation with respect to the first monolayer. However, in contrast to
the flat lying molecules in the first monolayer, alternating upstanding and flat lying
molecules were observed in the second layer which represents a molecular alignment
similar to the one of the QT bulk. This behavior demonstrates that the Au(111) has
a strong influence on the structure of the first layer, whereas the second monolayer
is much less affected by the substrate.
The observed adsorbate structure is point-on-line coincident with respect to the
first QT monolayer.
7 Organic-organic heteroepitaxy
7.1 Introduction
The epitaxial growth of various organic molecules on different inorganic substrates
has been intensively studied. In contrast, much less is known about the growth of
organic heterostructures. However, these systems are of special interest since modern
devices containing highly ordered inorganic layers, such as quantum well lasers, are
based on multilayered heterostructures. Similar applications with organic molecules
require the investigation of highly ordered organic multilayer films, since the physical
properties of these systems are influenced by their structure [85].
So far, the published studies mainly deal with organic heterostructures in which
the individual layers are several nanometers thick [86–94]. However, the structure
of an organic monolayer on an inorganic substrates typically differs strongly from
the structure of a thicker film. As has been shown in Chapter 6, already the sec-
ond monolayer may grow completely different from the first monolayer. Therefore,
the investigation of the interface requires the preparation and characterization of
ultrathin films.
The ordered growth of an organic monolayer on top of a highly ordered layer con-
taining a different molecular species was shown for the systems 2,9-di(2-hydoxyethyl)-
anthra[2,1,9-def:6,5,10-d’e’f’]diisoquinoline-1,3,8,10-tetrone (DMe-PTCDI) on cop-
per(II)phthalocyanine (CuPc) on Ag(110) [85], vanadyl-phthalocyanine (VOPc) on
cobalt(II)phthalocyanine (CoPc) on Au(111) [95], and PTCDA on a decanethiol
SAM on Au(111) [96]. Furthermore, the system PTCDA on HBC has been studied
on the substrates Au(111) [6, 97], Au(100) [45], and HOPG [8, 58, 97]. For PTCDA
on HBC on HOPG, a detailed Moiré pattern analysis allowed a very precise determi-
nation of the adsorbate structure and revealed, in combination with potential energy
calculations, a new type of epitaxy [7, 8]. Now the question arises, whether this type
of epitaxy represents a typical growth mode of organic-organic heteroepitaxial sys-
tems. By studying the similar system QT on HBC on Au(111), more insight in this
matter can be expected. The experiments related to this topic were carried out in
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our group in the framework of a co-supervised diploma thesis by D. Kasemann [98].
However, a reanalysis of the experimental results lead to different conclusions.
7.2 QT/HBC heterostructures on Au(111)
7.2.1 HBC on Au(111)
Hexa-peri-hexabenzocoronene (HBC, Fig. 7.1) is a planar molecule which comprises
a delocalized π-electron system.
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Figure 7.1 (a) Chemical structure of HBC with mirror axes and (b) space filling
model with respective dimensions.
The molecule forms highly ordered layers on various inorganic substrates such
as GeS(010) [99], HOPG(0001) [57, 58, 97, 100], Cu(111) [5], MoS2(0001) [57, 100],
Au(100) [45, 97, 101], and Au(111) [6, 97]. Here, Au(111) was chosen as inorganic
substrate, since in this way a direct comparison to the growth of the first and second
QT monolayers on Au(111) (Sections 5.2 and 6.2) allows to study the influence of
the organic interlayer on the growth of the topmost QT layer. Due to the fact that
also several monolayer thick HBC films on Au(111) consist of flat lying molecules
only [6, 97], the influence of the Au(111) surface on the growth of the QT layer can
also be investigated here by varying the thickness of the HBC film.
HBC was evaporated from a boron nitride Knudsen cell at a temperature of
460◦C for 150 seconds which corresponds to approximately one HBC monolayer. In
contrast to the sample preparation of quaterrylene derivatives, almost defect free
HBC monolayers could be obtained without simultaneous heating of the substrate.
The two HBC adsorbate structures described in literature [6, 97] were also observed
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Figure 7.2 Top: 45 × 50 nm2 STM image (V=1.2 V, I=100 pA) of one mono-
layer HBC on Au(111). The HBC molecules form a hexagonal lattice which is
illustrated by the vectors h1 and h2 in the inset (7 × 8 nm2). The HBC lat-
tice is aligned with the
[
1 1 2
]
Au
direction of the substrate (blue zigzag line),
forming thereby the same adsorbate structure on adjacent substrate domains.
Bottom: STM image of a HBC domain that exhibits a domain angle of 30◦
(48× 17 nm2; V=0.8 V, I=45 pA).
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Table 7.1 HBC adsorbate structures on Au(111). The adsorbate lattice is described
by the unit cell vectors h1 and h2, the unit cell angle γ, and the domain angle
δ. The orientation of the HBC molecule in the unit cell is expressed in terms
of the angle ζ that is given as angle between h1 and the molecule mirror axis
m1.
Source Structure ‖h1,2‖ / Å γ / ◦ ζ / ◦ δ / ◦
LEED/STM [6, 97] I 14.7± 0.5 60± 0.5 0± 4 0± 1
LEED/STM [97] II 14.5± 0.5 60± 0.5 0± 4 30± 1
in the subsequent STM investigation. In Figure 7.2, STM images of the respective
adsorbate structures are presented. The HBC molecules form in both cases a hexag-
onal lattice with slightly different lattice dimensions (Table 7.1). Regarding the
orientation of the adsorbate lattice with respect to the substrate lattice, the HBC
lattice vector h1 and the
[
1 1 2
]
Au
direction exhibit the domain angles δ1 = 0
◦ and
δ2 = 30
◦, respectively. It is important to point out that due to the two domain align-
ments δ1 = 0
◦ and δ2 = 30◦, only one adsorbate structure is formed in an extended
HBC domain on top of a sequence of rotational Au(111) reconstruction domains
(Fig. 7.2). According to Reference [97], both structures represent a commensurate
growth of the first monolayer HBC on Au(111), whereas the authors in Reference [6]
propose a point-on-line epitaxy for structure I.
7.2.2 QT on HBC on Au(111)
Following the deposition of HBC on a reconstructed Au(111) single crystal, the
growth of the HBC film was confirmed by STM. Subsequently, QT molecules were
evaporated on top of the HBC film as described in Section 5.2.
The STM image in Figure 7.3 shows a sample which was prepared this way. The
mentioned verification of the HBC growth prior to the QT deposition revealed a
highly ordered HBC layer (not shown here). According to the preparation conditions
applied, the HBC film should represent a monolayer which is also indicated by the
observed Au(111) reconstruction. After the deposition of QT, an ordered alignment
of objects was observed in STM images (Fig. 7.3). Since the mutual alignment is
similar to the one observed for the growth of the first monolayer QT on Au(111)
(Section 5.2) and Au(100) (Section 5.5), these objects were identified as highly
ordered QT molecules.
Although QT was evaporated on top of a complete HBC layer, the STM im-
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Figure 7.3 42 × 32 nm2 STM image of a highly ordered QT domain on HBC on
Au(111) (V=1.0 V, I=40 pA). The QT molecules in the inset (10 × 8 nm2)
seem to be constricted in the center indicating the presence of the underlying
HBC layer. Further, the QT rows appear to be curved which is illustrated by
the blue line segments.
age does not necessarily reflect a QT/HBC heterostructure. In general, the QT
molecules might have pushed the underlying HBC molecules aside as it was observed
for the system TiOPc on QT on Au(100) [98]. However, here it seems unlikely that
a replacement of HBC by QT molecules has led to the formation of a QT domain di-
rectly on the Au(111) surface, as the QT molecules in Figure 7.3 appear constricted
in the center indicating the presence of the underlying HBC layer. Additional evi-
dence for a highly ordered QT growth on HBC is given by the corresponding FFT
image (Fig. 7.4(a)) which contains spots that can be attributed to the hexagonal
HBC lattice and spots that correspond to the QT lattice (Fig. 7.4(b)).
It is important to point out that the structural characterization of the QT/HBC-
Au(111) heterostructure including the determination of the QT lattice dimensions is
exclusively based on STM measurements here, as no meaningful LEED image could
be obtained so far. However, assuming that the adsorption of QT molecules does
not alter the known HBC structures on Au(111), FFT images as presented in Figure
7.4 were used to extract the lattice parameters of the QT structure since the HBC
lattice provides a built-in scale.
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Figure 7.4 (a) FFT image of the STM image shown in Figure 7.3. (b) The FFT
image contains spots that can be attributed to the reciprocal HBC and QT
lattices, respectively. The corresponding unit cells are indicated by green and
red lines. The orientation of the two lattices with respect to each other is
defined by the angle ε.
In comparison to the first QT monolayer on Au(111), the evaluation of the FFT
image revealed a larger QT unit cell on HBC with the following lattice parameters:
‖a1‖ = (9.5 ± 0.8) Å, ‖a2‖ = (26.6 ± 1.8) Å, and α = (73 ± 4)◦. In the following,
these unit cell dimensions will be referred to QT/HBC/Au(111) - 1. The orientation
of the QT lattice with respect to the HBC lattice is expressed here by the angle ε
defined between the QT and the HBC lattice vectors a1 and h1 for which a value of
ε = (4± 4)◦ was measured.
Besides the QT domain already depicted in Figure 7.3, a second, 120◦ rotated
QT domain can be seen in Figure 7.5. In principal, the obvious bend of the QT rows
could be caused at a domain boundary within the underlying HBC layer. However,
the corresponding FFT image revealed a single HBC domain. In contrast to the
first monolayer QT on Au(111) (Section 5.2), the formation of the two QT domains
does not seem to be a result of the QT growth on top of two different Au(111)
reconstruction domains either, since the QT domain boundary does not form a
straight line (Fig. 7.5) as typical for a Au(111) domain boundary. Therefore, the
QT domain orientation seems to be exclusively determined by the HBC layer. This
proposition is supported by the fact that the two 120◦ rotated QT domains exhibit
the same alignment with respect to the HBC lattice, due to the sixfold symmetry
of the HBC layer.
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Figure 7.5 58×58 nm2 STM image showing two 120◦ rotated QT domains on HBC
on Au(111) (V=1.0 V, I=40 pA). The black line indicates the QT domain
boundary. The objects exhibiting a bright contrast in the bottom part of the
image correspond to QT molecules that lay on top of the first QT monolayer.
5 6 °
4 °
Figure 7.6 58×45 nm2 STM image showing the same two QT domains as in Figure
7.5 (V=1.0 V, I=40 pA). The QT domain orientation with respect to the
Au(111) reconstruction (indicated by the black line) is described by the angles
κ1 = (4± 4)◦ and κ2 = (56± 4)◦.
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Table 7.2 Lattice parameters of the QT/HBC/Au(111) - 1 heterostructure com-
pared to the ones of the first QT monolayer on Au(111). The unit cell dimen-
sions of the QT layers are expressed in terms of the lattice vectors a1 and a2,
and the unit cell angle α. The angles ε and δ describe the domain orienta-
tions of the second monolayer with respect to the fist monolayer and the first
monolayer with respect to the Au(111) reconstruction.
Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ε / ◦ δ / ◦
QT/HBC/Au(111) - 1 9.5± 0.8 26.6± 1.8 73± 4 4± 4 0± 4
QT/Au(111) 8.9± 0.3 19.6± 0.6 78± 1 — 26, 34, 86 ± 1
The STM image in Figure 7.6 shows the two QT domains once again. Here,
besides the QT rows, also the zigzag pattern that is typical for the Au(111) recon-
struction can be seen. Therefore, the orientation of the QT lattice with respect
to the Au surface can be estimated from this image. Since the alignment of the
left QT domain with respect to the HBC lattice is known from the FFT image in
Figure 7.4(b), also the orientation of the HBC lattice with respect to the Au surface
can be deduced. The observed domain angles κ1 = (4 ± 4)◦ and κ2 = (56 ± 4)◦,
measured between the
[
1 1 2
]
Au
direction and the QT lattice vector a1, correspond
to a HBC domain angle δ = 0, indicating the presence of HBC structure I (Table
7.1). It is noteworthy that although the QT domain on the right hand side of the
image exhibits two different alignments with respect to the reconstructed Au(111)
surface, only one heterostructure is formed since the underlying homogeneous HBC
domain forms the same adsorbate structure on top of the two 120◦ rotated Au(111)
reconstruction domains (Section 7.2.1).
The lattice parameters of this QT/HBC structure are summarized and compared
to those of the first QT monolayer on Au(111) in Table 7.2. The length of the lattice
vector a1 indicates that along the a1 direction all the QT molecules are densely
packed and flat lying like it was observed for the first QT monolayer on Au(111).
On the other hand, the - compared to the QT monolayer on Au(111) - larger lattice
vector a2 of the unit cell QT/HBC/Au(111) - 1 corresponds to a larger spacing
between these QT rows. Such a relaxed QT structure would also allow optimal
packing of the individual QT molecules on top of the HBC molecules and thereby
explain the observation of curved QT rows (Fig. 7.3).
It is important to point out that the visibility of the Au(111) reconstruction
also indicates that the heterostructure is ultrathin, i.e. is indeed composed of one
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Figure 7.7 STM image of a molecular island on HBC on Au(111) (400× 330 nm2;
V=1.0 V, I=50 pA). The molecular domain marked by the blue rectangle,
which corresponds approximately to the scan area shown in Figure 7.8, grows
on top of at least two monolayers HBC as can be seen in the inset.
monolayer QT on one monolayer HBC on Au(111).
In contrast, the sample area marked by the blue rectangle in Figure 7.7 shows
a QT domain on top of at least two HBC monolayers (see zoomed picture in Fig.
7.8). Again, the corresponding FFT image (Fig. 7.9(a)) contains spots that can
be attributed to the reciprocal QT and HBC lattices, respectively (Fig. 7.9(b)).
However, in this case the obtained QT unit cell dimensions, given by the lattice
vectors ‖a1‖ = (13.1±0.8) Å, ‖a2‖ = (21.9±1.3) Å, and the unit cell angle α = (78±
4)◦, differ significantly from the sample discussed above and are accordingly named
QT/HBC/Au(111) - 2. Moreover, the FFT image reveals a different orientation of
the QT lattice with respect to the HBC lattice with an angle ε = (30± 4)◦.
The inner FFT spots in Figure 7.9(b) that can neither be assigned to the HBC
lattice nor to the QT lattice, represent the
[
1 1 2
]∗
Au
direction of a reconstructed
Au(111) domain. The observed domain angle δ = 30◦ of the HBC lattice with
respect to the underlying Au(111) reconstruction domain indicates the presence of
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Figure 7.8 STM image showing QT and HBC molecules on Au(111) (85× 83 nm2;
V=1.0 V, I=50 pA). The objects exhibiting a bright contrast represent
molecules on top of the QT island.
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Figure 7.9 (a) FFT image obtained from the STM image presented in Figure 7.8.
(b) FFT image as in (a) with reciprocal QT and HBC unit cells which are illus-
trated by blue and green lines, respectively. The two inner spots correspond to
the
[
1 1 2
]∗
Au
direction of a reconstructed Au(111) domain. The angles ε and
κ describe the orientation of the QT lattice with respect to the HBC lattice
and this reconstructed Au(111) domain. The angle δ defines the HBC domain
alignment with respect to the Au(111) reconstruction domain.
HBC structure II (Table 7.1). It is noteworthy that molecular domains grown on
Au(111), which are as large as the one depicted in Figure 7.8, usually cover at
least two 120◦ rotated reconstruction domains (various examples can be found in
Chapter 5). In the present case, the FFT spots of this second reconstruction domain
are hidden behind the reciprocal unit cell vector a∗2 in Figure 7.9(b) but might be
anticipated in Figure 7.9(a).
However, as mentioned already above, the homogeneous growth of HBC on top
of rotational Au(111) reconstruction domains yields only one adsorbate structure.
Therefore, the subsequent homogeneous QT growth on HBC results in only one
QT/HBC-Au(111) heterostructure, although a sequence of rotational Au(111) re-
construction domains might be lying underneath.
Both molecular species can also be seen in Figure 7.10, which shows a STM
image obtained from a different sample. The lattice parameters of the QT domain,
marked by the blue rectangle in Figure 7.10, were derived from the analysis of the
respective FFT image (not shown here). The unit cell dimensions also correspond
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Figure 7.10 180×110 nm2 STM image showing QT and HBC molecules on Au(111)
(V=-0.7 V, I=50 pA). The image reveals two non-equivalent QT domain ori-
entations ε = 0◦ and ε = 30◦. The angle ε is defined between the QT and
HBC lattice vectors a1 and h1. In contrast to the sample region marked by
the rectangle, QT molecules can be found that do not form straight rows as
indicated by the solid blue line.
to those obtained from the QT island presented in Figure 7.8 (QT/HBC/Au(111) -
2). However, the QT domain is differently oriented with respect to the HBC layer:
ε = (0 ± 8)◦. But besides equivalent 120◦ rotated QT domains, the domain angle
ε = (30± 8)◦ can be seen in the image (green lines) which was also observed for the
larger QT domain shown in Figure 7.8. These two adsorbate structures that are de-
scribed by the unit cell dimensions QT/HBC/Au(111) - 2 and the respective domain
orientations will be addressed as QT/HBC/Au(111) - 2.I and QT/HBC/Au(111) -
2.II.
The rather large error interval of the measured domain angle originates from
the fact that unlike to the STM image in Figure 7.8, here the QT rows do not
follow straight lines. This effect might be a result of the low QT coverage of the
sample. In contrast to an extended domain, here most molecules are located near
an island edge, and consequently, the QT molecules interact with less neighbors. As
a result, the QT structure is stronger influenced by the interaction with the HBC
molecules than by intermolecular forces between the QT molecules. This assumption
is corroborated by Figure 7.10, where the effect seems to be more pronounced in
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Figure 7.11 High resolution STM image of a QT domain on HBC on Au(111)
(51 × 44 nm2; V=0.8 V, I=60 pA). The QT molecules within the rectangle
appear with an alternating bright and dark contrast similar to the second QT
monolayer on Au(111) (Fig. 6.3). Molecules within the ellipse appear with a
contrast that also corresponds to the second QT monolayer on Au(111) (inset
in Fig. 6.3).
case of a few QT rows (indicated by the curved line) as compared to a more compact
QT region (marked by the rectangle).
A high resolution STM image of latter sample region is displayed in Figure 7.11.
Despite the fact that the image is noisy, an alternating bright and dark contrast
is visible which is similar to the STM contrast of the second QT monolayer on
Au(111) depicted in Figure 6.3. Additionally, the QT molecules within the ellipse in
Figure 7.11 appear with a similar contrast as the second QT monolayer on Au(111)
shown in the inset in Figure 6.3, which indicates a formation of in-plane dimers also
in the present case. As a consequence, the QT lattice vector a2 of the unit cell
QT/HBC/Au(111) - 2 has to be twice as long as originally derived from the FFT
analysis1 which in turn yields QT/HBC/Au(111) - 2 unit cell dimensions that are
similar to those of the second QT monolayer on Au(111) (Table 7.3). According to
1The smaller length of the a2 lattice constant was deduced from the FFT analysis since the
corresponding STM image was less resolved.
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Table 7.3 Lattice parameter of all observed QT/HBC/Au(111) heterostructures
compared to those of the first and second QT monolayers on Au(111). The
unit cell dimensions of the topmost QT layers are expressed in terms of
the lattice vectors a1 and a2, and the unit cell angle α. The two possible
unit cells observed for the system QT on HBC on Au(111) are labelled with
QT/HBC/Au(111) - 1 and 2. The angles ε and δ describe the domain orienta-
tions of the second monolayer with respect to the first monolayer and the first
monolayer with respect to the Au(111) reconstruction.
Structure ‖a1‖ / Å ‖a2‖ / Å α / ◦ ε / ◦ δ / ◦
QT/HBC/Au(111) - 1 9.5± 0.8 26.6± 1.8 73± 4 4± 4 0± 4
QT/HBC/Au(111) - 2.I 13.1± 0.8 43.8± 2.6 78± 4 0± 4 30± 4
QT/HBC/Au(111) - 2.II 13.1± 0.8 43.8± 2.6 78± 4 30± 4 30± 4
QT/Au(111) 8.9± 0.3 19.6± 0.6 78± 1 — 26, 34, 86 ± 1
QT/QT/Au(111) 11.9± 0.4 39.3± 1.1 78± 1 0± 1 26, 34, 86 ± 1
these findings, one could hypothesize that the unit cell QT/HBC/Au(111) - 2 also
contains two upstanding and two flat lying molecules.
On the other hand, the QT islands shown in Figure 7.10 could also represent
two QT monolayers on Au(111) instead of a QT/HBC heterostructure. The growth
of the second QT monolayer on Au(111) might be coincidentally produced here by
evaporation of QT molecules on a submonolayer HBC. This way, the initial growth
of a phase separated mixed QT/HBC monolayer could be followed by a preferred
adsorption of QT molecules on QT domains. However, the observation of curved QT
rows in Figure 7.10 indicates the presence of a QT/HBC heterostructure, whereas
the second monolayer QT was found to form perfectly straight rows on top of the rows
of the first QT monolayer, even for small domains (Section 6.2). The fact that the
determined unit cell dimensions QT/HBC/Au(111) - 2 are somewhat larger than
those of the second QT monolayer on Au(111) (Table 7.3) represents additional
evidence for the QT/HBC heterostructure.
It is worth mentioning that in this study, a QT adlayer corresponding to the unit
cell dimensions QT/HBC/Au(111) - 1 was only observed on top of HBC structure
I while QT/HBC/Au(111) - 2 could only be identified on top of HBC structure II
(Table 7.3). However, the two HBC structures exhibit almost identical unit cells
which allows similar packing of the QT molecules on top of the HBC molecules.
Therefore, both QT adsorbate layer types are expected to grow on either of the
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two HBC structures, although not all QT/HBC heterostructure combinations were
observed yet.
Nevertheless, all shown QT/HBC heterostructures cover rather small sample
areas. Neither QT evaporation on annealed HBC layers nor heating of the system
after QT evaporation resulted in larger QT domains.
In conclusion, the highly ordered growth of QT/HBC heterostructures was ob-
served by means of STM. The presented experimental results suggest that the ad-
sorbate structure QT/HBC/Au(111) - 1 represents one monolayer QT on one mono-
layer HBC on Au(111) whereas QT domains of the system QT/HBC/Au(111) - 2 are
grown on top of thicker HBC films. According to these findings, QT molecules on
one monolayer HBC are flat lying as observed for QT molecules on the bare Au(111)
(Section 5.2) and Au(100) surfaces (Section 5.5), due to a stronger influence of the
Au surface. On the other hand, weaker interaction with the Au surface because of
a thicker HBC film yields a QT structure possibly containing alternating flat lying
and upstanding molecules similar to the bulk structure (Section 4.1).
108 7 Organic-organic heteroepitaxy
7.2.3 Analysis of epitaxial relations
In general, the appearance of curved QT rows indicates a non-epitaxial growth on
HBC. Therefore, only QT adsorbate structures showing perfectly straight rows would
have to be considered in an evaluation of possible epitaxial relations. However, since
this effect might occur only for rather small domains, all structures are included in
the following analysis. The question, whether the QT/HBC heterostructures might
also represent the line-on-line epitaxy type which was recently introduced for the
system PTCDA on HBC [8] will be addressed.
In order to identify possible epitaxial relations, the geometrical lattice match al-
gorithm was also applied here (compare Section 5.2.2). According to the experimen-
tal findings, the lattice parameters of HBC structures I and II as given in Table 7.1
were used to model the substrates for QT/HBC/Au(111) - 1 and QT/HBC/Au(111)
- 2, respectively.
Due to the rather large experimental error intervals, the lattice match revealed
numerous possible epitaxial QT overlayers for each observed heterostructure. More-
over, at least one point-on-line and one line-on-line coincident QT structure could be
identified in every case, as shown in Table 7.4. There, the respective first lines reflect
point-on-line solutions which is indicated by the C-matrices containing a column of
integers or where the sums over both matrix rows are integers. In contrast, the
second lines reflect line-on-line coincident structures with respect to the HBC layer.
This fact cannot be derived as easily by looking at the epitaxial matrix C. However,
line-on-line coincidence is given in these cases since Equation 3.4 in Section 3.1 is
satisfied for the following integer pairs
(
k
l
)
and
(
i
j
)
:
QT/HBC/Au(111) - 1:

 2
1

 =

 0.08 0.61
−1.89 1.59

 ·

 2
3


QT/HBC/Au(111) - 2.I:

 1
9

 =

 0.90 0.03
−1.08 3.36

 ·

 1
3


QT/HBC/Au(111) - 2.II:

 0
6

 =

 0.50 0.50
−2.68 3.32

 ·

 −1
1


The relations above describe the coincidence between the reciprocal adsorbate
lattice vector ka∗1 + la
∗
2 and the reciprocal substrate lattice vector ib
∗
1 +jb
∗
2 which is
illustrated for the line-on-line coincident structure QT/HBC/Au(111) - 1 in Figure
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Table 7.4 QT lattice parameters on HBC on Au(111) and epitaxy matrix C as
obtained from the lattice match algorithm. The respective first lines represent
point-on-line (POL) coincident structures while the second lines show line-
on-line (LOL) structures which correspond both to the respective adsorbate
structure determined by the experiments.
Structure Model ‖a1‖ /Å ‖a2‖ /Å α /◦ ε /◦ C-Matrix
QT/HBC/Au(111) - 1 POL 9.3 26.5 73.9 0

 0 0.63
2 1.50


LOL 9.6 25.9 74.6 6.1

 0.08 0.61
−1.89 1.59


QT/HBC/Au(111) - 2.I POL 13.9 42.0 79.7 3.6

 0.93 0.07
−1.32 3.32


LOL 13.3 43.1 76.7 1.6

 0.90 0.03
−1.08 3.36


QT/HBC/Au(111) - 2.II POL 12.5 45.0 75.6 28.2

 0.53 0.47
−2.48 3.48


LOL 12.6 44.2 79.5 30

 0.50 0.50
−2.68 3.32


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Figure 7.12 Reciprocal QT (blue dots) and HBC lattice (green dots) which re-
presents the line-on-line structure of QT/HBC/Au(111) - 1 listed in Table 7.4.
The QT lattice exhibits a line-on-line epitaxy with respect to the HBC lattice
since the reciprocal QT lattice vector 2a∗1 + 1a
∗
2 coincides with the reciprocal
HBC lattice vector 2h∗1 + 3h
∗
2 (red arrow).
7.12.
In fact, the limited accuracy of the QT lattice parameters derived from this STM
study prevents an unambiguous conclusion concerning the epitaxial relation of the
QT overlayer with respect to the HBC lattice. Therefore, no highly sophisticated
structural proposal can be presented at this point. However, the presented exper-
imental findings indicate two distinct different arrangements of highly ordered QT
molecules on HBC on Au(111) which are illustrated by the two models shown in
Figures 7.13 and 7.14.
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Figure 7.13 Structural model of QT (red molecules) on HBC (green molecules)
showing heterostructure QT/HBC/Au(111) - 1. The QT layer contains flat
lying molecules only.
a 1
a 2
h 2
h 1
Figure 7.14 Structural model of QT (red molecules) on HBC (green molecules)
showing heterostructure QT/HBC/Au(111) - 2.I. The QT layer contains alter-
nating flat lying and upstanding molecules.
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7.3 Summary
The growth of an organic layer on top of another organic layer, each containing a
different molecular species, was studied on the system QT on HBC on Au(111). In
a first step, a HBC film was grown on a reconstructed Au(111) single crystal by
the OMBE technique. Subsequently, the QT molecules were evaporated, after the
HBC film growth was confirmed by STM. The structural characterization of the
QT/HBC/Au(111) layer system was also carried out by means of STM.
In contrast to typical STM images of organic-organic heterosystems presented in
literature, STM images could be obtained here which clearly resolve both molecular
species. Moreover, the highly ordered growth of QT molecules on HBC on Au(111)
could be verified, whereas a relaxed arrangement of flat lying QT molecules on top of
the HBC film was observed. The loose arrangement of QT molecules indicates that
the respective structure is more governed by an energetically favorable stacking of
the QT molecules on top of the HBC molecules than by intermolecular interactions.
In addition to this structure, which is also described in the co-supervised diploma
thesis by D. Kasemann [98], two other QT structures on HBC on Au(111) were
revealed in this work. However, these two adsorbate structures do not represent
different domain alignments of the one mentioned above. Instead, they exhibit a
distinct different molecular arrangement in the QT overlayer. High resolution STM
images indicate that the corresponding QT domains are composed of alternating
flat lying and upstanding molecules which resembles the molecular alignment of the
QT bulk.
According to the experimental findings, it is assumed here that the formation of
the two distinct different molecular arrangements in the QT layer depends on the
thickness of the underlying HBC film. The QT molecules on top of one monolayer
HBC are flat lying due to a stronger interaction with the Au surface whereas a
thicker HBC layer weakens the QT-Au interaction resulting in a QT arrangement
similar to the QT bulk.
8 Summary and Outlook
In this work, the highly ordered growth of large organic molecules was investi-
gated by studying the quaterrylene derivatives QT, QTCDI, and QTCMI. In order to
prepare and analyze layers composed of these molecules, an OMBE system was setup
first. However, as OMBE represents only a standard technique for the preparation
of ordered overlayers containing small and medium-sized organic molecules, it was
not clear whether the concept could be successfully applied to these larger molecules
as well. Regarding this issue, the thermal stability of the molecules was investigated
by optical spectroscopy. The performed experiments revealed that QT molecules
can be evaporated without thermal decomposition at approximately 350◦C. In con-
trast, the sublimation temperature of QTCDI was found to be much higher, even
above the decomposition temperature of the molecule. As a consequence, QTCDI
evaporation is always accompanied by its decomposition, with QTCMI being one of
the products.
Another goal of this work was to answer to the question, whether these large
aromatic molecules grow epitaxially on weakly interacting inorganic substrates as it
had been frequently found for smaller and medium-sized organic molecules. Organic-
inorganic layer systems were prepared by evaporation of QT derivatives on single
crystalline Au surfaces and subsequently investigated by LEED and STM. The ex-
periments revealed highly ordered QT monolayers on top of the Au(111) surface.
Despite the limited thermal stability of QTCDI, the growth of highly ordered QTCDI
domains on Au(111) could be achieved by optimizing the evaporation procedure such
that the fraction of decomposition products was small. Although both molecular
species form monolayers on Au(111) containing flat lying molecules exclusively, two
distinct different molecular arrangements were observed. In contrast to the growth
of QT molecules along rows, the QTCDI molecules exhibit a brick-wall structure
which can be explained by the formation of hydrogen bonds between the molecular
endgroups. In a similar way, the observed QTCMI adsorbate structures demonstrate
the influence of the substituents on the growth of the molecular layers. However,
QTCMI structures on Au(111) could only be found in coexistence with QTCDI
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ones. The reason behind this observation is that, although decomposition of QTCDI
starts well below the QTCDI sublimation temperature and QTCMI can therefore
be accumulated in the Knudsen cell, QTCMI was found to evaporate at a similar
evaporation temperature as QTCDI. In general, a pure QTCMI overlayer might be
prepared after decomposition of all QTCDI molecules in the respective Knudsen
cell. However, this task appears still challenging as the QTCDI decomposition does
not yield QTCMI molecules only, but proceeds with the QTCMI decomposition.
Furthermore, the growth of the first QT monolayer on Au(100) was investigated.
On this surface, the molecules exhibit the same arrangement as observed for QT on
Au(111) which indicates that the molecular alignment is essentially determined by
the interaction of the molecules in the adsorbate layer. Instead, the interaction of the
molecules with the Au substrates causes flat lying molecules and determines also the
orientation of the molecular domains with respect to the substrate. According to the
fact that the Au(100) surface typically exhibits only one reconstruction phase per
terrace, an extended QT domain can be formed by a single adsorbate structure. On
the other hand, the observed homogeneous growth of QT (and QTCDI) molecules
in extended domains on top of multiple rotational Au(111) domains implies the
existence of three adsorbate structures on Au(111).
Moreover, the presented experiments suggest that the reconstructed Au(111) and
Au(100) surfaces react to the deposition of QT molecules by a slight relaxation. To
our best knowledge, in contrast to the Au(111) case, an adsorbate induced modifi-
cation of the Au(100) reconstruction has not been reported in literature yet. Nev-
ertheless, all the observed adsorbate structures of QT derivatives on Au(111) and
Au(100) can be explained within the framework of the point-on-line model.
As an example of organic-organic homoepitaxy, the growth of the second mono-
layer QT on Au(111) was investigated. The molecules in the second QT monolayer
order densely packed along the rows of the first monolayer which results in the for-
mation of only one domain orientation with respect to the first monolayer. However,
in contrast to the flat lying molecules in the first monolayer, alternating upstanding
and flat lying molecules were observed in the second monolayer which represents a
molecular alignment similar to the one of the QT bulk. This behavior demonstrates
that the Au(111) has a strong influence on the structure of the first layer, whereas
the second monolayer is much weaker affected by the substrate.
Special attention was paid to the growth of organic-organic heterostructures since
a new type of epitaxy was recently observed for such a system. In contrast to typical
STM images of organic-organic heterosystems presented in literature, STM images
could be obtained here which clearly resolve both molecular species.
The experiments revealed a QT/HBC heterostructure in which the QT molecules
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form a relaxed arrangement of flat lying molecules. These findings indicate that the
respective QT structure is governed by an energetically favorable stacking of the
QT molecules on top of the HBC molecules. On the other hand, two additional
QT structures with a complete different unit cell were also found. High resolution
STM images suggest that such QT domains are composed of alternating flat lying
and upstanding molecules which resembles the molecular alignment of the QT bulk
similarly to the second QT monolayer on Au(111). Experimental evidence is pro-
vided for the respective molecular arrangement in the QT layer depending on the
thickness of the underlying HBC film. According to this assumption, QT molecules
on top of one monolayer HBC are flat lying due to stronger interactions with the
Au surface whereas a thicker HBC layer weakens these interactions resulting in a
QT arrangement similar to the bulk.
The QT lattice parameters of these organic-organic heterostructures exhibit
rather large error intervals since they were obtained exclusively from STM images.
Therefore, the type of epitaxy could not be determined yet.
This open question motivates additional structural investigations, such as LEED
measurements, which might yield more precise QT lattice parameters. However,
LEED experiments in turn require rather large sample areas to be covered with
QT/HBC heterostructures. Therefore, the preparation of such extended domains
would be useful which could be attempted by applying a lower QT growth rate.
Besides such tasks related to the growth of highly ordered layers consisting of
quaterrylene derivatives, future experiments should also contain an investigation
of their physical properties. Scanning Tunnelling Spectroscopy (STS) is a suitable
method to gain more insight in the electronic properties of such films. In particular,
quaterrylene derivatives are promising candidates for STS measurements since they
exhibit a small electronic gap. In contrast to most STS reports on organic molecules
that discuss only one or two resonances due to the limited voltage range accessible
by this method, quaterrylene derivatives can be expected to reveal additional res-
onances. First STS measurements performed on highly ordered layers containing
quaterrylene derivatives support this assumption.
By performing STS experiments on QT, QTCDI, and QTCMI structures, the
influence of the substituents on the electronic properties can be investigated. For this
purpose, samples containing both QTCDI and QTCMI domains as shown in Section
5.4 are suitable. Moreover, a comparison between STS measurements performed on
the QT/HBC heterostructures and measurements performed on films containing
only one of the two molecular species would be especially interesting.
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[66] K. Glöckler, C. Seidel, A. Soukopp, M. Sokolowski, E. Umbach, M. Böhringer,
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Dresden, den 30.01.2007
Robert Franke

